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Abstract

Prostate cancer (PCa) is initially an androgen dependent disease and is treated by androgen
deprivation therapies (ADTs). However, within ~18 months of ADT use, PCa becomes
androgen independent and resistant to ADTs, which is called castrate resistant prostate
cancer (CRPC) and remains incurable. It is therefore crucial to find alternative therapeutic
approaches. One novel therapeutic approach is to target the epigenetic coregulators of the
androgen receptor (AR), which are crucial for androgen signalling. The discovery of the
histone lysine demethylase (KDM) families and their implications in cancer suggest their
potential as drug targets for the treatment of PCa. A recent study discovered that the
tumour suppressive microRNA miR137 inhibits the expression of an extended network of
AR coregulators, including the well-studied KDM1A, but also other coregulators, such as
KDM5B and KDM7A. The aim of this study therefore was to investigate the role of KDM5B
and KDM7A in androgen signalling and cell proliferation in PCa. In addition, combination
therapies harbour the potential of being more effective than single KDM targeting, and
therefore the effect of combined targeting of KDM1A and KDM7A was tested.
Bioinformatic analysis of the TCGA PRAD dataset revealed that KDM1A, KDM5B and
KDM7A respectively were altered in ~one third of PCa patients. Immunohistochemical
staining in PCa tissue specimens showed that KDM1A expression was higher in tumour
compared to normal tissue, whereas KDM5B expression was lower and KDM7A expression
did not differ. KDM1A, KDM5B and KDM7A expression respectively was higher in PCa cells
compared to normal epithelial prostate cells. To investigate the function of the KDMs in
AR-regulated gene transcription, siRNA-mediate knockdown experiments were performed
and pharmaco-selective inhibitors targeting KDM1A, KDM5B and KDM7A respectively were
applied. Overall, the results suggested that the knockdown and inhibition of KDMs
attenuated androgen-induced gene expression. RNASeq analysis further confirmed that
pharmaco-selective inhibition of KDMs affected the expression of genes involved in PCa
progression and cancer pathways, suggesting an oncogenic function of KDMs in PCa. In
addition, pharmaco-selective inhibitors blocked PCa cell proliferation and combined
inhibition of KDMs had an additive inhibitory effect, indicating combined KDM inhibition
may be more effective than single KDM targeting. These results suggest an important role
of KDM5B and KDM7A in androgen signalling and cell proliferation in PCa. Pharmaco-
selective inhibitors targeting KDMs represent a promising therapeutic approach to treat

both localised and advanced PCa.
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Chapter 1 General introduction

1.1 Androgen signalling

1.1.1 Steroid hormones
Androgen is a steroid hormone. Steroid hormones are lipophilic molecules and their
chemical structure contains a characteristic four ring system: three six-membered rings (A-

C) and one five-membered ring (D) (Figure 1.1) (Nagorny and Cichowicz, 2016, Roos and

Roos, 2014)

OH
H,C

H,C

Steroid core Testosterone

Figure 1.1: Chemical structure of the steroid core.
The steroid core is composed of 17 carbon molecules that form three six-membered rings (A, B, C)

and one five-membered ring (D). The steroid hormone testosterone is given as an example.

Steroid hormones can be physiologically divided into three main groups: 1) glucocorticoids,
2) mineralocorticoids, and 3) gonadal steroids. They are synthesised from the precursor
molecule cholesterol, and their synthesis pathways are depicted in Figure 1.2.
Glucocorticoids, such as cortisol, regulate cardiac processes, blood pressure, energy,
glucose metabolism, and inflammatory and immune response. (Busada and Cidlowski,
2017). The mineralcorticoids, such as aldosterone, act on the distal tube of the kidney
where they act to increase resorption of sodium and consequently water (via osmosis), and
renal excretion of potassium, thereby regulating kidney function (Waller and Sampson,
2017). Cortisol, which is more abundant than aldosterone, is known to have weak
mineralcorticoid activity (Ferrari and Bonny, 2003). Both cortisol and aldosterone are
produced in the cortex of the adrenal gland. The gonadal steroids, also known as sex
steroids, include estrogen, progesterone and androgen, and are important for sexual
development and reproduction. Estrogen is responsible for menstruation, maintainance of

pregnancy and the development of the secondary sexual characteristics in women, whilst
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Acetyl CoA

!

7-Dehydrocholesterol —3 Vitamin D

!

Cholesterol
l % Tetrahydroprogesterone  Tetrahydrodeoxycorticosterone %
Pregnenolone ———» | Progesterone ——» Corticosterone —————  Aldosterone
i l Cortisol #5 Cortisone —p Eticholanone %
17-OH Pregnenolone  ——— 17-OH Pregesterone \
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s DHEA sulfate Androstenediol Testosterone Estrone Androsterone
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Dihydrotestosterone (DHT) Estradiol Androstanediol %

t |
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Figure 1.2: Synthesis pathways of steroid hormones from Acetyl-CoA.
Acetyl CoA is converted to Cholesterol which can then be converted to steroid hormones through

various steps of chemical reactions. Steroid hormones with neuronal activity are marked with a blue
star. Dihydrotestosterone (DHT) can be produced by the “classical pathway” or the “alternate
pathway”.

progesterone is important for menstruation and pregnancy such as preparation of the
uterus and lactation (Csapo et al., 1973, Miller et al., 2004, Stillwell, 2016). Both estrogens
and progesterones are mainly produced in the ovaries, but also the cortex of the adrenal
gland, breast and, in the case of pregnancy, the placenta (Holst et al., 2004). The most
abundant androgen in men is testosterone and plays a crucial role in the normal embryonic
development, pubertal maturation and the normal function of the prostate gland in men
(Chang et al., 1995, Wilson, 2011). Testosterone is primarily produced in the testes, more
precisely in the cells adjacent to the seminiferous tubulus, called Leydig cells (Gao et al,,
2005). Most of the secondary androgens, like androstenedione (AED) and
dehydroepiandrostenedione (DHEA) are synthesised by the adrenal glands (Nussey and
Whitehead, 2013). In women, testosterone is also produced in the ovaries, as well as liver
and adrenal gland (Gao et al., 2005). Some steroid hormones are so-called neurosteroids
because they can modulate neuron excitability and gene expression in the brain (Paul and
Purdy, 1992, Rose et al., 1997, Tuem and Atey, 2017) (Figure 1.2). In this study the focus

will be on gonadal steroids, in particular testosterone.
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The production of gonadal steroids is regulated by and in the hypothalamus where the
luteinizing hormone-releasing hormone (LHRH) triggers the release of the luteinizing
hormone (LH) and adrenocorticotropic hormone (ACTH) from the pituitary gland (Figure
1.3) (Nussey and Whitehead, 2013). The LH in turn acts on the gonads (ovaries and testis)
where most of the estrogen, progesterone and testosterone is made. On the other hand,
ACTH acts on the adrenal gland which mainly stimulates the release of glucocorticoids, such
as cortisol, from the zona fasciculata in the adrenal cortex, usually as a response to stress,
which is referred to as the hypothalamic-pituitary-adrenal-achsis (Figure 1.3) (Smith and
Vale, 2006). Glucocorticoids in turn reduce the secretion of LHRH and ACTH, thereby
providing a negative feedback mechanism (Handa and Weiser, 2014). However, the
adrenal gland also stimulates the biosynthesis and release of a small proportion of gonadal

steroids (Turcu et al., 2011).

Hypothalamus ——

» C‘ /
LHRH ( /
S (—-r— Pituitary gland

Q

g ’
D ACTH LH
o1

=
g
o !
<
v Adrenal gland & Testis
.
-
. \\< /
~
~
~ -~

= =~ Testosterone

Figure 1.3: Schematic of hypothalamic-pituitary-adrenal axis.

The hypothalamus stimulates the release of ACTH and LH from the pituitary gland through LHRH
secretion. This in turn activates the release of gonadal steroids, such as testosterone, from the
adrenal gland and testes. A negative feedback mechanism regulates the release of hormones by
the hypothalamic—pituitary—adrenal axis. LHRH = luteinizing hormone-releasing hormone; ACTH =
adrenocorticotropic hormone; LH = luteinizing hormone.

Gonadal steroids move through the blood bound to plasma proteins. They are bound to
either albumin or the sex hormone-binding globulin (SHBG) (estrogen and testosterone)
and corticosteroid-binding globulin (CBG), also called transportin, (progesterone)
respectively, whilst only about ~2-3% of hormone is circulating free and unbound (Baker,
2001, Becker, 2001, Rosner et al., 1991). When steroid hormones reach their target cells,
they can easily pass the cell membrane due to their lipophilic nature. Inside the cell they

bind to steroid receptors which are a subfamily of the nuclear receptor superfamily

4
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(Weikum et al., 2018). Unlike membrane bound receptors, nuclear receptors are
intracellular and regulate the transcription of genes directly, i.e. they act as transcription
factors (Whirledge and Cidlowski, 2019). Nuclear receptors are ligand dependent which
means they are only activated when an endogenous ligand is binding. The ligand can be a
steroid or non-steroid hormone. Non-steroid hormones include vitamin D, thyroid
hormones and retinoids (Ji et al., 2012). In addition, phospholipids, like
phosphatidylcholine or phosphoinositide, have been shown to be able to bind and activate
certain nuclear receptors (Crowder et al., 2017, Irvine, 2003). For some nuclear receptors,
called orphan receptors, no physiological ligand has been identified yet (Lala and Heyman,
2000). Regarding their ligands, nuclear receptors can be divided into 1) Steroid hormone
receptors, 2) Non-steroid receptors and 3) Orphan receptors (Table 1.1) (Shiota et al,,

2019). The focus of this study is the androgen receptor, its ligands and signalling pathway.

1.1.2 Androgen signalling in normal physiology

The androgen receptor (AR) is expressed in many different tissues and organs with the
highest expression level in the prostate, adrenal gland and epididymis (Keller et al., 1996).
The generation of androgen receptor knockout (ARKO) mice and phenotypic analysis
helped elucidate the role of androgen signalling in normal physiology (Chang et al., 2013,
Rana et al., 2014, Zhou, 2010). Several studies showed that ARKO mice have smaller testes
that were situated within the abdomen and blocked spermatogenesis (Notini et al., 2005,
Yeh et al., 2002). Sato et al (2004) reported atypical sexual behaviour in male ARKO mice
and that the AR is important for the masculinisation of the brain in the time immediately
before and after birth (Sato et al., 2004). The AR is also highly important for the formation
of bones (Venken et al., 2006, Yeh et al., 2002). The AR has been shown to be crucial for
the inhibition of osteoclasts which are responsible for bone resorption. In ARKO mice this
inhibition is lost, leading to an imbalance between bone resorption by osteoclasts and bone
formation by osteoblasts and thereby resulting in reduced bone volume and size (Kawano
et al.,, 2003, Tanaka et al., 2005). Studies on the effect of ARKO mice on muscle
development have proven that the AR receptor is an important regulator of muscle mass
development (MacLean et al., 2008, Ophoff et al., 2009). It was also shown that the AR
regulates specific proteins and cell types in muscles, for example the AR signalling pathway
supports so-called slow-twitch fibres which are crucial for long- endurance exercises
(Altuwaijri et al., 2004). AR has also been reported to be expressed in

muscle cells of the heart (cardiomyocytes) and is directly involved in the physiological
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Table 1.1: The members of the nuclear receptor superfamily.

Nuclear receptors can be classified into 1) Steroid hormone receptors, 2) Non-steroid receptors and
3) Orphan receptors. The members of each class are given and their site of expression, involvement
in biological processes and role in prostate cancer is stated. CNS = Central nervous system, PCa =

prostate cancer.

Classification ~ Member Site of expression Involved in regulation of Role in PCa
1) Steroid Estrogen receptor Uterus, ovary, mammary Female reproductive system Oncogenic
hormone (ER) gland, bladder, lung, testis, and other organs
receptor prostate, brain, and bone
Progesterone Uterus, ovary, mammary Female reproductive system Oncogenic
receptor (PR) gland, prostate, and other organs
cardiovascular system,
brain, and bone
Androgen receptor Testis, cardiovascular Male reproductive system Oncogenic
(AR) system, brain, muscle and and other organs
bone
Glucocorticoid Various organs and tissues Energy metabolism, Oncogenic
receptor (GR) reproduction, immune and
cardiovascular system
Mineralocorticoid Various organs and tissues Kidney, CNS, and Antioncogenic
receptor (MR) cardiovascular system
2) Non- Retinoic acid receptor ~ Various organs and tissues Cell growth and Antioncogenic
steroid (RAR) differentiation
receptors Peroxisome Adipose and intestine Adipogenesis, lipid Controversial,
proliferator-activated  tissue, metabolism, and adipocyte complex
receptor (PPAR) differentiation
Farnesoid X receptor Liver, gut Bile acid, lipid and Antioncogenic
(FXR) carbohydrate metabolism
Liver X receptor (LXR) Liver, kidney, intestine, Cholesterol and lipid Antioncogenic
adipose tissue, adrenal metabolism
gland, hematopoietic cells
Vitamin D receptor Various organs and tissues Cell proliferation, calcium & Antioncogenic
(VDR) phosphate homeostasis, and
immune system
Retinoid X receptors Adipose and intestine Adipogenesis and adipocyte Antioncogenic
(RXR) tissue differentiation
3) Orphan Estrogen-related Various organs and tissues Energy metabolism, obesity, ~ Antioncogenic
receptors receptor (ERR) insulin, and bone
Retinoic acid Various organs and tissues Development of lymphoid Controversial,

receptor-related
orphan receptors
(ROR)

Testicular orphan
nuclear receptors (TR)

Chicken ovalbumin
upstream promoter-
transcription actors
(COUP-TF)

Dosage-sensitive sex
reversal-adrenal
hypoplasia congenital
critical region on the X
chromosome, gene 1
(DAX1)

Short heterodimeric
partner (SHP)

Testis, bone, muscle, liver
and other organs and
tissues

Nervous system, lung,
kidney, pancreas, testis and
prostate

Testis, prostate, ovary,
adrenal gland

Liver, intestine

thymocytes & lymph nodes

Fetility, bone and muscle,
energy metabolism. immune
system

Neuronal development and
organogenesis

Steroidogenesis,
development, reproduction

Bile acid synthesis,
cholesterol homeostasis

complex

Controversial,
complex

Controversial,
complex

Antioncogenic

Antioncogenic
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enlargement and thickening (hypertrophy) of the walls of the heart, in response to high
blood pressure for example (Marsh et al., 1998). Another study reported that AR signalling
is important in the normal growth of the heart and to inhibit cardiac fibrosis, which is the
abnormal accumulation of extracellular matrix responsible for wall thickening and reduced
contractility (lkeda et al.,, 2005). The AR also plays an important role in inhibiting the
development of adipocytes (fat cells) and the differentiation of pre-adipocytes into
terminal adipocytes (Dieudonne et al., 1998, Yeh et al., 2002). A study by Holland et al
(2016) revealed that testosterone impairs the expression of lipogenic genes in abdominal
fat through an estrogen-dependent mechanism (Holland et al.,, 2016). Another study
revealed that ARKO mice develop late-onset obesity through increased secretion of
adiponectin, a adipocyte-specific hormone that regulates lipid and glucose metabolism
(Fan etal., 2005, Nasr et al., 1982, Scherer et al., 1995). These data is supported by another
study who reported obesity in ARKO mice was due to increased levels of the adipocyte
specific hormones leptin and adiponectin and reduced voluntary activity in mice (Rana et
al., 2011). In addition, AR plays an important role in the immune system by regulating the
function and development of neutrophils and the recruitment of macrophages involved in
wound healing (Lai et al., 2012).Huang et al (2013) has proven a role of AR in blood cells by
showing that ARKO mice exhibit an enhanced ability of mesenchymal stem cells to re-new
themselves in the bone marrow (Huang et al., 2013). These knockout studies studies
provide evidence that the androgen signalling pathway is important for many processes in
normal physiology including reproduction, muscles, bones, the brain, the heart, fat
metabolism, and the immune and haemopoietic system (Rana et al., 2014). The AR acts on
the cells in those organs and tissues either through genomic or non-genomic androgen
signalling pathway both of which will be described in the following sections (Bennett et al.,

2010, Freedman, 1998).

1.1.2.1 Genomic androgen signalling

|II |II

The genomic AR signalling pathway, also called “classical” or “canonical” pathway, involves
the binding of AR to DNA (Figure 1.4). When testosterone enters a prostate cell, it can be
converted to the more active metabolite 5a-dihydrotestosterone (5a-DHT) by the steroid-
S5a-reductase (Randall, 1994). 5a-DHT has a higher binding affinity for the AR than
testosterone, but testosterone compensates this defect by mass action (95% abundant)
(Gao et al., 2005, Grino et al., 1990). The AR is bound to a complex of heat shock proteins
(Hsps) which dissociates from the receptor upon agonist binding (Figure 1.4) (Pratt and

Toft, 1997, Veldscholte et al.,, 1992b). Agonist binding to the AR also induces
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conformational changes and AR dimerization. AR usually forms homodimers, but the
formation of heterdimers with TR4 and ERa have been reported. However, those
heterodimers decreased the transcriptional activity of AR in both studies (Lee et al., 1999,
Panet-Raymond et al., 2000). Similar to other steroid receptors, the AR homodimer usually
is a “head-to-head” formation (Shaffer et al., 2004). AR is then translocated to the nucleus
where it binds to the androgen response element (ARE) on the DNA (Figure 1.4) (Bennett
et al., 2010, Nelson et al., 2002). The consensus sequence for ARE is an inverted or direct
repeat of 5-AGAACA-3' and 5'-TCTTGT-3’ respectively, separated by three random
basepairs, for example 5'-AGGTCA | NNN | TGACCT-3'. In the last decades, research groups
found AREs which do not contain this consensus sequence (Bolton et al., 2007, Denavyer et
al., 2010, Ham et al., 1988). In 1996, Claessens et al. identified a consensus sequence which
is specific for the androgen receptor, namely 5'-GGTTCT-3' (Claessens et al., 1996). Since
the androgen and glucocorticoid receptor have a highly conserved LBD domain, single
point mutations in this sequence have been reported to shift the binding specificity from
the androgen to the glucocorticoid receptor (Claessens et al., 1996, Mangelsdorf et al.,
1995). To date it is not fully understood how the steroid receptors with their highly
conserved DBDs achieve receptor specific binding of DNA response elements. Some
crystallographic studies suggest the structure and stability of receptor dimerisation plays a
role (Shaffer et al., 2004). AR contains an additional interface that supports the AR-dimer
binding to ARE, whereas dimers of other steroid receptors do not exhibit the same stability
and therefore are unable to bind ARE (Claessens et al., 2008). The transcriptional activity
of AR requires the recruitment of transcription factors and so-called epigenetic co-
regulator proteins (Figure 1.4) (Heinlein and Chang, 2002). Epigenetic co-regulator proteins
covalently modify histone residues which results in chromatin remodelling giving way to

the transcription initiation complex (Heinlein and Chang, 2002).

1.1.2.2 Non-genomic androgen signalling
The non-genomic androgen signalling pathway, also referred to as the “non-classical” or

|II

“non-canonical” pathway differs from the genomic pathway regarding speed (Lucas-Herald
et al., 2017). Whilst the genomic pathway usually takes hours for gene transcription to
occur after androgen exposure, the non-genomic pathway can show an effect within
seconds to minutes (Cato et al., 1988). In the non-genomic pathway, androgens, bound to

the SHBG, do not enter the target cell. Instead they act through membrane-associated
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Figure 1.4: Genomic androgen receptor signalling pathway.
Androgens, such as testosterone and dihydrotestosterone, enter the cell and are converted in the

more active metabolite (5a-DHT) by the steroid-5a-reductase. Upon ligand binding heat stress
protein (HSP) chaperones are released and AR undergoes conformational change and dimerization.
In the nucleus the AR together with co-regulators activates the transcription of androgen regulated
genes. T, testosterone; AR, androgen receptor; DHT, 5a-dihydrotestosterone; HSP, heat shock
protein; KDM, lysine demethylase; MED1, Mediator Complex Subunit 1; NCO2, Nuclear Receptor
Coactivator 2.

proteins or channels and 2" messenger pathways (Figure 1.5) (Estrada et al., 2006,
Lieberherr and Grosse, 1994, Liu et al., 2005, Wunderlich et al., 2002). It was suggested
that non-genomic pathway induced phosphorylations regulate the AR transactivation of
the genomic pathway by phosphorylating AR or coregulator proteins (Chmelar et al., 2007,
Lamont and Tindall, 2011, Ueda et al., 2002b).
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Figure 1.5: Non-genomic androgen receptor signalling pathway.
Extracellular testosterone can bind to transient membrane-androgen receptors, G-protein coupled

receptors and other membrane-bound proteins which switches on various signalling pathways
crucial in normal physiology. T = testosterone; AR = androgen receptor; Duox1 = dual oxidase 1;
GPRC6A = G protein-coupled receptor family C group 6 member A; LTCC = L-type Ca®* channel; PLC
= phospholipase C; SHBGR = steroid hormone binding globulin receptor; Zip9 = zinc transporter 9;
Src = tyrosine kinase; PI3K = phosphatidylinositol 3-kinase; PKC = protein kinase C; CREB = cAMP
response element-binding protein; cAMP = cyclic adenosine monophosphate; IP3 = inositol
trisphosphate; DAG = diacylglycerol; ERK = extracellular Signal-regulated Kinase-1; CytC =
cytochrome C; casp9/3 = caspase9/3; Akt = serine/threonine kinase, NFkB = nuclear factor kB; ATF1
= activating transcription factor 1; TRPMS8 = transient receptor potential cation channel subfamily
M member 8.

1.1.3 Structure of the androgen receptor

The androgen receptor (AR) gene is located on chromosome X and spans 186,587 base
pairs (bp) (Figure 1.6) (Migeon et al., 1981). The protein coding region is ~2757 nucleotides
long and the protein is comprised of 920 amino acids (NM_000044.3). The 110 kDa AR
protein is encoded by eight exons and contains four domains: The N-terminal domain
(NTD), the DNA-binding domain (DBD), the hinge region and the ligand binding domain
(LBD) (Figure 1.6) (Simental et al., 1991). The NTD is the most variable region of nuclear
receptors in both sequence and size. In AR, it harbours a polyglutamine (CAG) repeat,
ranging between ~11-37 repeats, and a polyglycine (GGC) repeat, ranging between ~12-29
repeats (Choong and Wilson, 1998). The number of repeats varies within human
populations, for example Japanese have shorter GGC repeats than Caucasians (Sasaki et
al., 2003). The length of the repeats influences the folding and conformation of AR, giving

it high plasticity and allowing it to interact with distinct co-regulator proteins or
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transcription factors (Bevan et al., 1999). Moreover, long polyglutamine repeats have been
associated with reduced expression of the androgen receptor gene and it is therefore not
surprising that variations in repeats have been implicated in various diseases which will be
discussed in the next chapter (Callewaert et al., 2003, Choong et al., 1996). In contrast to
the NTD, the DBD is highly conserved between the steroid hormone receptors and is
situated in the centre of the polypeptide (Cutress et al., 2008). It is composed of two zinc
fingers, each of which contains four cystine residues coordinating a zinc ion (Shaffer et al.,
2004). The N-terminal zinc finger is responsible for the recognition of the androgen
response element (ARE) in enhancer and promoter regions of AR target genes (Luisi and
Sigler, 1991, Luisi et al., 1991). The highly conserved DBD ensures that the ARE of a gene is
only recognised by AR and not any other steroid hormone receptors, allowing highly
selective binding. The other zinc finger is, together with the NTD and LBD, involved in the
AR dimerisation (Shaffer et al., 2004). The DBD and LBD are separated through a variable
hinge region which is important for AR transactivation, nuclear translocation and binding
of the DNA minor groove (Clinckemalie et al., 2012, Haelens et al., 2007, Rastinejad, 2001)
(Figure 1.6). Within the COOH-terminus of the DBD and hinge region there is a so-called
nuclear localisation signal (NLS) which is responsible for the transport of the AR into the
nucleus (Zhou et al., 1994). In detail, AR is bound to a protein called importin 7 which
inhibits AR import in the absence of a ligand. If a ligand binds to AR, importin 7 is released,
which then allows NLS to bind to a protein called karyopherin a (KPNA) / importin-a
resulting in AR nuclear translocation (Ni et al.,, 2013). On the other hand, the signal
responsible for the export of AR from the nucleus to the cytoplasm is located in the LBD. It
is called the nuclear export signal (NES) and in the absence of ligand, NES is dominant over
NLS (Saporita et al., 2003). The LBD is composed of eleven a-helices and four B strands,
forming a three-layered a-helical sandwich. In contrast to other nuclear receptors, AR lacks
the a-helix H2 and harbours a flexible linker instead (Tan et al., 2015). The LBD is the site
where both ligands and coregulatory proteins bind. In addition, the LBD is the site where
heat shock proteins bind to the AR, preventing the AR to bind to the DNA (Nemoto et al,,
1992). The AR also harbours two activation functions (Figure 1.6). The activation function-
1 (AF-1) is located in the NTD, whereas the activation function-2 (AF-2) is situated in the
LBD. The function of AF-1 and AF-2 have been determined by mutational deletion studies.
AF-1 has been shown to be constitutively active and the truncation of the LBD did not affect
the activity of the receptor, suggesting AF1 is ligand-independent (Jenster et al., 1991,
Rundlett et al., 1990, Simental et al., 1991, Zhou et al., 1994). Bevan et al. (1999) reported

that AF-1 is composed of two overlapping transcription activation units (TAUs) called TAU-
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1 (aa 100-370) and TAU-5 (aa 360-529) and that their function is context dependent (Figure
1.6). In full-length AR, TAU-1 is responsible for activation, whereas in AR with deleted LBD,
TAU-5 fulfils the activation function (Callewaert et al., 2006, Jenster et al., 1991). AF-2, on
the other hand, is ligand dependent and crucial for the interaction of the N-terminal and
C-terminal domains. If a ligand is binding, the most COOH-terminal a-helix (H12) “flips
over” and creates a hydrophobic binding pocket composed of a-helices 3, 4 and 12. This
hydrophobic binding surface is the AF-2. The AR NH2-terminus then binds to the AF-2
through its FQNLF motif (Bevan et al., 1999, He et al., 1999, He et al., 2000, Parker and
White, 1996). Subsequently, a second motif, WXXLF, in the NH2-terminus becomes
available and binds to the LBD too, but outside of AF-2 (He et al., 2000) (Figure 1.6). The
conformational change is important to stabilise ligand binding (H12 acts like a lid to close
the ligand binding pocket), reduce the ligand dissociation rate and to create a new surface

area for other co-regulator proteins to bind.

Co-regulator proteins bind to the hydrophobic pocket of AF-2 through their LxxLL (L =
leucine, x = any amino acid) motif (Alen et al., 1999, Darimont et al., 1998, Heery et al,,
1997, Mclnerney et al., 1998) . This motif is highly conserved between nuclear receptor
interacting proteins such as the steroid receptor coactivator-1 (SRC-1) and was shown to
be necessary and sufficient to mediate coregulator binding to the LBD of the nuclear
receptor (Heery et al., 1997). He et al. (2002) found a second motif, namly FXXLF, which is
also present in the NTD of the AR (FQNLF). This motif is therefore important for both
interactions within AR itself and AR interaction with coregulator proteins (He et al., 2002).
The latter interaction is stabilised by further conformational changes and the so-called
“charge clamp” which is hydrogen bonds between the coregulator and two highly
conserved residues, a lysine (K720) in H3 and a glutamate (E897) in H12 (He et al., 2004,
Hodgson et al., 2008, Hur et al., 2004). Coregulator proteins often share the same binding
motif, however, the way the binding pocket of AR can bind coregulator proteins specifically
is by electrostatical interactions with positively or negatively charged amino acids flanking
the motif (Darimont et al., 1998, Mclnerney et al., 1998). For example, nuclear receptor
coactivators 2 and 3 (NCoA2/NCoA3) harbour negatively charged sides beside the motif
which enables them to strongly interact with positively charged residues in the binding
pocket (Estébanez-Perpifid et al., 2005). Since the helical structure and the “charge clamp”
of the ligand binding domain is similar between the steroid receptors this can lead to cross

activation often seen with synthetic steroids (Gao et al., 2005).
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The androgen receptor can be post-transcriptionally modified by phosphorylation,
acetylation, methylation, ubiquitination, and sumoylation (Coffey and Robson, 2012)
(Figure 1.6). Modifications can occur in all four domains of the androgen receptor with
phosphorylation being the most common modification. Phosphorylation sites often are
serine residues, but also threonine and tyrosine residues (Chen et al., 20063, Kuiper et al.,
1993, Yeh et al., 1999, Zhou et al., 1995). Post-translational modifications play an important
role in AR stability, transport, transcriptional activity, recruitment of other binding
partners, and regulation of AR expression and degradation (Daniels et al., 2013, Gioeli and

Paschal, 2012, Ward and Weigel, 2009).

AR chromosomal position: Xq11-12
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Figure 1.6: The structure of the androgen receptor gene and protein.

The AR gene is situated on position q11-12 of chromosome X and contains 8 exons. The protein
reference sequence NM_000044.3 is comprised of 920 amino acids and is composed of different
domains which are depicted. In addition, posttranslational modifications are shown. AR = androgen
receptor; bp = base pair; NTD = N-terminal domain; DBD = DNA binding domain; LBD = ligand binding
domain; AF = activation function; TAU = transcription activation unit; NLS = nuclear localisation
signal; NES = nuclear export signal.
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1.1.4 Androgen signalling in disease

As described above, androgen signalling is important in many processes of normal
physiology, however, defective androgen signalling can lead to disorders like the androgen
insensitivity syndrome (AlS), Kennedy’s disease, hypogonadism, insulin resistance and
obesity, benign prostatic hyperplasia (BPH) and cancer (Matsumoto et al., 2013, Shukla et
al., 2016). The defects are usually due to mutations in the AR or due to abnormalities in the
androgen signalling pathway. In 2012, Gottlieb et al described the androgen receptor gene
(AR) mutations database which is available online at http://androgendb.mcgill.ca (Gottlieb
et al., 2012). The total number of identified AR mutations is ~1029 which are
predominantly located in the DBD and LBD domain of the AR. Four types of mutations have
been characterised: (1) single point mutations causing substitutions or premature stop
codons, (2) nucleotide insertions and deletions resulting in frameshifts, (3) complete or
partial gene deletion, and (4) intronic mutations interfering with RNA splicing (Gottlieb et
al.,, 2012). The Kennedy’s disease, also called spinal bulbar muscular atrophy, is the
progressive degeneration of motor neurons and is caused by extended CAG repeats in the
NTD of the androgen receptor, ranging between 40 and 62 (Amato et al., 1993). Individuals
with a large numbers of CAG repeats exhibit an early onset and a faster progression of the
disease (Doyu et al., 1992, Igarashi et al., 1992). Extended CAG repeats cause a misfolded
AR protein and the accumulation of misfolded AR in the nucleus of motor neurons causes
transcriptional dysregulation and ultimate cell death (Li et al., 1998, Orafidiya and McEwan,
2015). Hypogonadism, also referred to as testosterone deficiency, describes the inability
of the testicles to produce normal levels of testosterone and therefore symptoms include
delayed puberty, smaller testes and prostate, decreased muscle mass, decreased body hair
growth, osteoporosis, loss of libido and impotence, reduced or absent sperm production
(Abadilla and Dobs, 2012). The cause of hypogonadism is either due to a dysfunction in the
hypothalamic-pituitary axis or a disorder of the testicles (Abadilla and Dobs, 2012,
Heidelbaugh, 2016, Wu et al., 2008).

1.1.4.1  Androgen-insensitivity syndrome

In 1953, Morris et al first reported about hormone resistance in patients and later in 1974,
Wilson et al described the androgen insensitivity syndrome (AIS) (Morris, 1953, Wilson et
al.,, 1974). The AIS is a developmental disorder characterised by the inability of cells to
respond to androgen (Mongan et al.,, 2015). The syndrome can occur in complete,

incomplete or mild forms. The complete form of AIS (CAIS) is characterised by a female
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phenotype and a XY karyotype. In early childhood, CAIS often presents as a bump or
swelling in the inguinal canal or labia, caused by testes. CAIS patients have female external
genitalia, but their vagina is shortened and their uterus, cervix and ovaries are absent
because of the anti-Muellerian hormones secreted by the testes (Brown, 1995, Josso et al.,
2013, Klein et al.,, 2011, Quigley et al.,, 1995). The testes produce normal levels of
testosterone in the blood which can be converted to estrogen by the enzyme aromatase.
The level of testosterone and the luteinising hormone (LH) is normal or elevated, whilst the
follicle-stimulating hormone (FSH) is not increased (Doehnert et al., 2015, Melo et al.,
2003). The estrogen, synthesised from the testosterone or the LH, elicits breast
development in puberty of CAIS patients but menses and sexual hair growth are absent
(Hughes et al., 2012, Mongan et al., 2015). Currently it is therefore recommended not to
remove gonads in early childhood but rather to wait until after puberty is completed
(Mongan et al., 2015). In contrast, in the partial form of AIS (PAIS) the androgen receptor
is partially able to respond to androgen. Patients with PAIS have a XY karyotype, but the
phenotype can vary from a mainly female appearance, over ambiguous genitalia, to a
mostly male appearance (Boehmer et al., 2001, Quigley et al., 1995). PAIS patients with a
female appearance have external female genitalia and pubic hair but can have a mildly
enlarged clitoris and partly fused labia. In contrast, patients with a male appearance have
a micropenis, enlargement of breast tissue (gynecomastia) in puberty, their urethral
opening is often positioned in the area between the anus and the scrotum (perineal
hypospadias), and their testes may fail to descend from the abdomen to the scrotum
(cryptorchidism) (Batch et al., 1993, Evans et al., 1997, Imasaki et al., 1994). In PAIS normal
levels of hormones are produced by the testes and during puberty testosterone, LH and
estrogen levels are increased (Brown, 1995). In contrast to CAIS, it can be a complex clinical
challenge to determine which sex to assign to a child (Mongan et al., 2015). In most of the
cases, parents decide for a male phenotype and hypospadiasa, cryptorchidism, micropenis
and later gynecomastia are corrected via surgery (Kolesinska et al., 2014). Androgen
supplementation is common too (Mongan et al., 2015).

In the mild androgen insensitivity syndrome (MAIS) patients usually have normal or only
very mildly abnormal genitalia, however, when they enter puberty they exhibit
gynecomastia and infertility (Zuccarello et al., 2008). The most common cause of MAIS are
mutated AR and, as reported above, the AR is crucial for spermatogenesis (Wang et al,,
2009b). MAIS also occurs in bulbar and spinal muscular atrophy (Kennedy's disease), whose
cause is a hyperexpansion of the CAG repeat in the N-terminal domain of the androgen

receptor as described before.
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The best studied cause of AIS are mutations in the androgen receptor. About 90-95% of all
CAIS cases show mutations in the AR causing hormone resistance, whereas in PAIS AR
mutations are identified in less than a third of cases (Hiort, 2013, Jaaskeldainen, 2012,
Mongan et al., 2015). This raises the potential that other components of the AR signaling
pathway, including epigenetic coregulator proteins of AR, are involved in PAIS (Audi et al.,
2010, Mongan et al., 2015). Indeed AR mutations which impair coregulator recruitment
have been identified in AIS patients (Li et al., 2005, Umar et al., 2005). Numerous
mutations, which impair the recruitment of coactivators in prostate cancer, seem to be
involved in CAIS (Adachi et al., 2000, Lagarde et al., 2012, Li et al., 2005, Nazareth et al.,
1999). In patients with PAIS two mutations, one in the N-terminal domain and one in the
ligand binding domain of the androgen receptor, have been shown to interfere with
interactions between the AR and the coactivators NCoA2/TIF2 (nuclear receptor
coactivator 2/transcriptional mediators/intermediary factor 2) and MAGE11 (Melanoma
Antigen Gene Protein 11) (Cheikhelard et al., 2008, Duff and McEwan, 2005). Although
there is clinical evidence suggesting a coregulator role in AlS (Adachi et al., 2000), to date
no coregulator mutations have been identified in AlS, despite intense efforts (Lim et al.,
2001, Mongan et al., 2001, Mongan et al., 2003, Adachi et al., 2000). Another mutation
was discovered in a patient with PAIS that blocked the interaction between the NTD and
the LBD crucial for AR activation (Quigley et al., 2004). Overall, AlS has provided valuable
insights into the structure and function of the AR and highlights the significance of AR

mutations in PCa.

1.1.4.2  Prostate benign hyperplasia and cancer

The risk for benign prostatic hyperplasia (BPH) increases with age and about ~50% of over
50-year-old men have BPH (Berry et al.,, 1984, Verhamme et al.,, 2002). BPH is the
enlargement of both epithelial and stromal tissue of the prostate which mainly influences
the transition zone (Figure 1.7) (McNeal, 1988). This enlargement can compress the
urethra, leading to lower urinary tract symptoms (LUTS) including difficulties urinating like
hesitancy, incomplete emptying and urgency, and incontinence (Kim et al., 2016). Potential
causes for the development of BPH include age, genetics and associated metabolic and
hormonal factors, however, the exact mechanisms are yet to be described (Chen et al,,
2012a, Ho and Habib, 2011, Montie and Pienta, 1994). Dysfunctional androgen signalling
can also lead to prostate cancer which is the focus of this study and will be described in

detail in the next sections.

16



Chapter 1: General introduction

1.2 Prostate cancer

In this section the function and structure of the prostate gland and the role of AR signalling
in PCa will be described. The incidence and mortality rates of prostate cancer will be
covered, as well as risk factors including race and genetics. Then the diagnosis and
treatment options of prostate cancer patients will be discussed, followed by an in-depth
description of first and second generation androgen deprivation therapies. The last section

is designated to the molecular mechanisms of hormone refractory prostate cancer.

1.2.1 Physiology of the prostate

The prostate is a male reproductive gland which generally has the size of a walnut and is
situated beneath the bladder, surrounding the urethra (Figure 1.7). The prostate gland is
composed of four different zones, the central zone (CZ), transition zone (TZ), peripheral
zone (PZ) and anterior zone (AZ) (McNeal, 1988) (Figure 1.7). The prostate can also be
divided into the base (upper third of the gland, just below the bladder), the mid-prostate
(middle third) containing the verumontanum, also called seminal colliculus, which is the
marking point where the ejaculatory duct enters the urethra, and the apex (lower third)
(Bhavsar and Verma, 2014). The PZ makes up ~70% of the prostate (Figure 1.7). Diseases
like chronic prostatitis, post-inflammatory atrophy and cancer most commonly arise in the
peripheral zone (De Marzo et al., 1999, McNeal, 1988). The PZ is comprised of many ducts,
acini and some smooth muscle tissue (Bhavsar and Verma, 2014). The CZ is situated
between the PZ and TZ and accounts for ~25% of the gland (Figure 1.7). It is cone-shaped,
surrounds the ejaculatory ducts and gets thinner at the verumontanum. The TZ makes up
only 5% of the gland, surrounds the urethra and is enlarged in patients with benign
prostatic hyperplasia. The AZ does not contain any glandular structures but fibrous and
smooth muscular tissue (Figure 1.7). It is the connection point to the pelvic diaphragm and
also covers part of the prostate as a thin fibrous capsule (Bhavsar and Verma, 2014). The
prostate plays an important role during ejaculation. When the sperm travels from the
testes through the vas deferens to the prostate, the prostate contracts to close the
connection between the bladder and the urethra. Its main function though is to secrete a
fluid which accounts for one third of the total volume of the semen. The slightly acidic fluid
contains various enzymes and zinc which is crucial for semen liquefaction and motility
(Huggins and Neal, 1942, Sgrensen et al., 1999, Yoshida et al., 2008). The other two thirds
of the semen is produced by the seminal vesicle and is slightly alkaline which is important

for the sperm to survive in the acidic environment of the vagina (McKay and Sharma, 2019).
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The fluid contains proteins, enzymes, vitamin C and fructose which is a crucial energy
source for sperm cells (Druart and de Graaf, 2018). For example the protein semenogelin
is important to form a gel-like matrix, called seminal coagulum, which holds the sperm cells
encased to avoid immediate functional maturation (capacitation). The enzyme prostate-
specific antigen (PSA) and its proteolytic activity is crucial to degrade the seminal coagulum
and to liquefy the sperm (Wang and Wang, 2018). The muscular tissue of the prostate also

helps to push the seminal fluid into the urethra.
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Figure 1.7: Anatomy of the prostate gland and surrounding organs.
The prostate is a gland situated between the bladder and the penis, in front of the rectum, and

surrounds the urethra. It is divided into the anterior, central, transition and peripheral zone.

The glandular structure of the prostate is, like other glands, comprised of ducts which have
a branching function, and acini which are responsible for secretion (Figure 1.8). Acinar
adenocarcinoma is the most common type of all prostate cancers and makes up around
95%, whereas ductal adenocarcinoma accounts for only 0.4-0.8% (Orihuela and Green,
2008). Ductal adenocarinoma usually arises in periurethral ducts and extends towards the
urethra (Bock and Bostwick, 1999). The epithelium of the ducts and acini is mainly
composed of luminal and basal cells, but also intermediate, neuroendocrine and stem cells
(Figure 1.8) (Shen and Abate-Shen, 2010). Luminal cells are terminally differentiated
secretory cells of the prostate gland that are responsible for the exocrine activity of the
prostate. They express high levels of AR and secrete proteins including the prostate specific
antigen (PSA/KLK3) and prostate acid phosphatase (PAcP) into the lumina of the gland
(Shen and Abate-Shen, 2010). The PAcP is thought to be important for fertility and sperm
motility (Coffey and Pienta, 1987, Veeramani et al., 2005). Interestingly, even though PAcP
has been shown to be elevated in the serum of PCa patients, it is a known tumour

suppressor, exhibiting lower expression in tumour cells compared to non-tumour cells

18



Chapter 1: General introduction

(Ortlund et al., 2003, Yam, 1974). Luminal cells are thought to be the main cell of origin for
PCa and primary PCa almost always has a luminal cell-like phenotype with atypical glands,
enhanced AR signalling and absence of basal cells (Wang et al., 2014, Zhang et al., 2018a).
A study by Wang et al (2009) has described a rare luminal population of castrastion-
resistant NKX3.1-expressing cells (CARNs) that exhibit stem cell-like properties (Wang et
al., 2009c). Basal cells have been characterised as undifferentiated precursors of luminal
cells (Figure 1.8) (Bonkhoff and Remberger, 1996). They express very little or no AR, are in
direct contact with luminal cells via gap junctions and form a barrier between the luminal
cells and the blood (El-Alfy et al., 2000). Like luminal cells, basal cells can give rise to
tumours, however, bioinformatic analysis suggests that luminal-cell derived tumours are
more aggressive (Wang et al., 2013). High-grade prostatic intraepithelial neoplasia (PIN) is
defined by increase in luminal cells, decrease of basal cells and cells generally have atypical
and enlarged nuclei and nucleoli (Bostwick and Brawer, 1987). It is regarded as the most
common precursor for PCa and its incidence and volume increase with age in men (Brawer,
2005, McNeal and Bostwick, 1986). Intermediate cells make up an only small proportion of
the epithelium and are situated within the basal layer (Figure 1.8). They co-express basal
and luminal cytokeratin markers, however, it remains controversial if intermediate cells
represent a distinct cell type within the prostate gland epithelium (Toivanen and Shen,
2017, Verhagen et al., 1992, Xue et al., 1998).

During development and puberty, prostate stem cells and progenitor cells are responsible
for the formation of the prostate, and several studies suggest that these cells also exist in
the prostate epithelium of adults (Figure 1.8) (Bonkhoff and Remberger, 1996, Wang et al.,
2001). Stem cells make up ~0.1-3% of the epithelial cell population and reside within
“niches” near the basement membrane. The third most common cell type, besides luminal
and basal cells, are neuroendocrine cells which have neuronal characteristics (Figure 1.8)
(Abrahamsson, 1999, Aprikian et al., 1993, Bonkhoff and Remberger, 1996). There are two
morphologically different types of neuroendocrine cells. The “closed type” which resides
on the basal lamina and connects adjacent cells but does not reach the lumen, and the
“open type” which are exposed to the lumen (Churukian and Agarwal, 1985).
Neuroendocrine cells originate from either neural crest progenitors or urogenital epithelial
progenitors which also give rise to basal, luminal and intermediate cells (Toivanen and
Shen, 2017). Only about ~0.5-2% of prostate cancer patients have neuroendocrine
prostate cancer (NePC) at the initial diagnosis (Humphrey, 2012, Mucci et al., 2000). NePC
frequently emerges after patients have received androgen deprivation therapies (ADTs)

and accounts for about ~25% of all metastatic prostate cancers (Humphrey, 2012, Mucci
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et al., 2000). Histological characteristics of NePC, also called small-cell NePC, are poorly
differentiated, atypical, small cells that lack glandular structures (Helpap and Kéllermann,
1999). NePC cells do not express detectable levels of PSA and AR and instead are positive
for neuroendocrine differentiation specific markers like chromogranin A and
synaptophysin, which are most sensitive, but also the neural cell adhesion molecule and
neuron-specific enolase (Gould et al., 1987, Helpap et al., 1999). In recent years, the loss
of the tumour suppressor proteins retinoblastoma (Rb), p53 and Pten (Phosphatase and
tensin homolog) have been reported in NePC cases (Krausch et al., 2011, Tan et al., 2014).
A study showed that mutated p53 results in highly increased levels of Aurora kinase A
(AURKA) in NePC (Li et al., 2015b). AURKA is a serine/threonine kinases responsible for
spindle assembly and chromosome segregation during mitosis and causes aneuploidy and
cell transformation if aberrantly expressed, thus acting as an oncogene (Kivinummi et al.,
2017, Willems et al., 2018). Immunohistochemical analysis of NePC patients revealed that
AURKA and N-myc, a well-known proto-oncogene, are amplified in prostatic
adenocarcinomas that are likely to progress to NePC after hormone deprivation therapy
and therefore could serve as prognostic and predictive biomarkers (Mosquera et al., 2013,
Ramsay et al., 1986). In addition, almost half of all neuroendocrine prostate cancer cases

harbour the TMPRSS2-ERG fusion gene expression (John et al., 2012, Lotan et al., 2011).

Bladder p T s
/ . | @) =, EPITHELIUM

BN
Luminal cell

Neuroendocrine cell
Prostate
Basal cell
Stem cell
Intermediate cell

~ Basal lamina
Ducts —

& acini F“:JA@— Lymphocyte
L gem~g@—
B
© f,_'\‘_f—J
#27°— Fibroblast
.

———_— — Extracellular matrix
STROMA Macrophage

Neuron

Smooth muscle cell

Figure 1.8: Histology of the prostate epithelium and stroma.
The glandular structure of the prostate is made up of ducts and acini. The epithelium contains

luminal, basal, intermediate, neuroendocrine and stem cells which reside on the basal lamina. The
stroma is made up of extracellular matrix, immune cells (lymphocytes, macrophages), fibroblasts,
neurons and smooth muscle cells.
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There are two theories of how NePC can arise, one of which is that NePC originates from
the same cell as normal neuroendocrine cells (Beltran et al., 2014, Bonkhoff et al., 1995).
The other explanation is that NePC trans-differentiates from adenocarcinoma cells (Yuan
et al., 2007). A study by Burchardt et al (1999) confirmed the trans-differentiation theory
in vitro and in vivo by proofing that LNCaP cells trans-differentiate into neuroendocrine
cells when exposed to hormone-deficient medium and castrated mice harbour more
chromogranin A-positive neuroendocrine cells compared to non-castrated mice (Burchardt
et al.,, 1999). NePC is highly proliferative and aggressive in most cases and since it is
negative for AR it represents a major therapeutic challenge (Beltran et al., 2014, Hu et al,,

2002).

1.2.2 Incidence and risk factors

PCa is one of the four most common malignancies in the world with breast, colorectal and
lung cancer (Ferlay et al., 2013, Ferlay et al., 2015). According to recent cancer statistics in
the United States (US), PCa is the most common cancer affecting men and lead to 31,620
deaths and 174,650 new cases in the US alone in 2019 (Siegel et al., 2019). Incidence rates
have been increasing by ~40% since the 1990s, however, it is important to consider that
the incidence rates reflect the availability of early detection tests (Jemal et al., 200643, Jemal
et al., 2006b). Indeed the widespread availability of the prostate-specific antigen (PSA) test
starting in the 1990s has enabled the early diagnosis of asymptomatic PCa through
screening programs. This has resulted in an increase in numbers of PCa cases diagnosed
(Potosky et al., 1995). Incidence and mortality strongly vary between different countries
and races (Jemal et al., 2010). Prostate cancer is also the most common cancer in men in
Western and Northern Europe, North and South America and Australia. The lowest
incidence rates are recorded in Asia and North Africa, however, it needs to be considered
that accurate reporting may not be in place in certain areas (Ferlay et al., 2010). Mortality
rates have been declining in the majority of western countries, including the USA, Canada,
Portugal, France, ltaly, the Netherlands, Norway, Sweden, Finland, Israel and Australia,
which may be due to early detection and improved treatments (Baade et al., 2009, Collin
et al., 2008, Etzioni et al., 2008). On the other hand, incidence and mortality rates are rising
in some Asian and Eastern European countries (Baade et al., 2009). The reason for this may
lie in the recent westernisation of diet and lifestyle in these countries, involving factors like
animal fat consumption and obesity (Jemal et al., 2010). Men of African descent have an

almost 50% greater incidence rate of prostate cancer than white men (Koulibaly et al.,
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1997, Marwick, 1998, Powell et al., 1999). Another study showed that the risk for prostate
cancer is even three-fold higher in black men compared to men of Asian-Indian descent
(Bunker et al., 2002). A large sample size study revealed that African-American men with
advanced disease are at a significantly higher risk to die after receiving hormonal therapy,
suggesting ethnic differences in the biology of prostate cancer (Thompson et al., 2001).
More research is needed to elucidate why men of African descent are more likely to
develop prostate cancer and why their prostate cancer is more aggressive and lethal. This
aspect in prostate cancer now starts to be investigated by many research groups (Huang
et al.,, 2017, Khani et al., 2014).

Risk factors for prostate cancer are age, race, family history and diet and prostate cancer
is thought to be the result of a combination of factors (Pienta and Esper, 1993). The
Surveillance, Epidemiology and End Results (SEER) program of the National Cancer Institute
in the US reported that the incidence rate for men aged 40-44 years is 9.2/100,000 and
after that the rate increases with a peak at 70-74-year-old men (984.8/100,000). The
incidence rate for men older than 74 years slightly declines (Surveillance Research
Program, 2016). Several studies on families and particularly on twins have shown that men
with a family history of prostate cancer are more likely to develop prostate cancer too
(Carter et al., 1992, Ghadirian et al., 1997, Grénberg et al., 1994, Lichtenstein et al., 2000).
Many studies on the relationship between diet and prostate cancer risk have been
performed and reviewed and suggest that a highly caloric and fatty diet correlates with
increased prostate cancer progression (Marshall, 2012). On the other hand, some dietary
components have been shown to prevent prostate cancer, like lycopene (antioxidant in

tomatoes), selenium, vitamin E, calcium, soy proteins and green tea (Sonn et al., 2005).

1.2.3 Diagnosis and treatment of prostate cancer

Patients are generally diagnosed either as a consequence of routine screening or following
clinical investigation of urinary dysfunction. The first step of diagnosis of prostate cancer is
often a digital rectal exam (DRE) and prostate specific antigen (PSA) test which is performed
with a patient’s blood sample. PSA is an enzyme which is expressed by both normal and
cancerous prostate cells, however, in benign prostatic hyperplasia (BPH) and prostate
cancer (PCa) serum PSA levels are elevated (Raaijmakers et al., 2004). Even though early
detection of cancer is generally considered as beneficial, PSA screening has led to over-
diagnosis and over-treatment (Caram et al., 2016, Srivastava et al., 2016). Thus the benefits

of PSA screening regarding patients” well-being and survival remain controversial (Cuzick
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et al., 2014). While a European study revealed a lower risk for death in patients that
received PSA screening (Schroder et al., 2012), a study in the US found no significant
changes in mortality rate (Andriole et al., 2012). If the PSA is > 4 ng/ml, a transrectal
ultrasound guided (TRUS) prostate biopsy is usually taken, and the tissue analysed by a
histopathologist to determine if malignant cells are present. There are various details about
the PCa a histopathologist can report about from such needle biopsy, and even more from
a radical prostatectomy (Montironi et al., 2006). As discussed later, a histopathological
report includes parameters like the type of cancer, percentage of prostatic tissue and
tumour size if available, Gleason score, pathological staging (pTNM), high grade PIN,
extraprostatic extension, surgical margins and perineural invasion (Montironi et al., 2003).
The Gleason grading system is a prognostic tool introduced in the 1970s (Gleason and
Mellinger, 1974). A Gleason grade can range from 1 to 5, with 1 representing prostate
tissue with a normal-glandular appearance and 5 describing very abnormal cell
proliferation and loss of glandular structures (Humphrey, 2004). An overall Gleason score
is calculated by adding together the most common grade and the highest grade of the cells
in the sample. Since grade 1 and 2 describe normal tissue the Gleason score of a PCa
patient can only lie between 6 (3+3) and 10 (5+5). One challenge for histopathologists is to
distinguish between Gleason 3+4 and 4+3 (Chan et al., 2000). A study showed that patients
with Gleason 4+3 are at a three-fold higher risk to die of PCa than patients with Gleason
3+4 (Stark et al., 2009).

The pTNM, tumour-node-metastasis, staging system was first applied in 1974 and has been
updated and revised by the International Union Against Cancer (UICC) and the American
Joint Committee on Cancer (AJCC) since then (Figure 1.9) (Sobin, 2009, Sobin et al., 2011).
Within the T-stage, TX means the tumour cannot be assessed, and TO describes no
evidence of tumour. T1 means that there is tumour but it is clinically unapparent, i.e. the
cancer is too small to be seen on a scan (Figure 1.9). T2 describes a tumour that is confined
within the prostate gland, which is also called localised PCa. The T2-stage is further divided
into T2a (one half of one lobe or less involved), and T2b (more than half of one lobe, but
not both lobes involved) and T2c (both lobes involved). Prostate cancer is staged T3 if the
tumour has grown outside the prostate gland into nearby tissue, also called locally
advanced PCa (Figure 1.9). A tumour stated at least T3 equals extraprostatic extension. T3
is further divided into T3a (unilateral or bilateral extracapsular extension) and T3b (tumour
invades seminal vesicle) (Figure 1.9). If the tumour invades adjacent tissues other than the
seminal vesicles, including the bladder, rectum and pelvic wall, the tumour is staged as T4

(Figure 1.9). The N-stage determines if the cancer is present in regional lymph nodes, called
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local metastasis (Christofori, 2006, Steeg and Theodorescu, 2008). It is divided into NX
(regional lymph nodes cannot be assessed), NO (no metastasis in regional lymph nodes)
and N1 (metastasis in regional lymph nodes). The M-stage is defined by distant metastasis.
This is the most advanced stage where the cancer cells have entered the lymphatic system
or blood stream and can be carried to distant organs where the tumour then expands at a
secondary site which in many cases is the bone (Sturge et al., 2011). MO stands for no
distant metastasis and M1 for distant metastasis. M1 is further divided into M1a (non-
regional lymph nodes), M1b (bones) and M1c (other metastatic sites). Metastasis are
identified by diagnostic imaging such as magnetic resonance imaging (MRI) and computed
tomography (CT) bone scans (Lecouvet et al., 2007, Soloway et al., 1988).

A positive surgical margin means that the prostate cancer cells extend to the inked surface
of the tissue specimen, suggesting that not all of the tumour has been removed by the
surgeon. The surgical margin can be described as negative if the cancer cells are close to
(<0.1 mm) but not in contact with the inked surface (Emerson et al., 2005). The assessment
of surgical margins can be challenging depending on the processing of the tissue specimen
and can lead to variability in reports between histopathologists (Evans et al., 2008).
Perineural invasion (PNI) is present if the cancer cells invade and grow along nerve fibers
within the prostate (Pennington et al., 1967). PNI is found in about ~20% of all prostate
cancer patients and is associated with potentially aggressive and metastatic PCa and a

poorer clinical outcome (Lu et al., 2015a).
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Figure 1.9: Localised and locally advanced prostate cancer.
Localised prostate cancer can be present but clinically not detectable by imaging or rectal exam (T1).

If the tumour is clinically detectable but confined to the prostate gland it is staged T2. Locally
advanced prostate cancer extends through the prostate capsule (T3a) and may grow into the
seminal vesicle (T3b). If the cancer grows into nearby tissue, such as the rectum, it is staged T4.
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There are various treatment options for PCa and the choice depends on different factors
like age and general health of the patient, and the stage and grade of the cancer. The stage
specifies how far the cancer has spread, whereas the grade describes the cell
differentiation status (Cooper and Hausman, 2000). As described above, these parameters
can be defined by looking at the tissue pattern and cell morphology in a core biopsy or
following complete surgical resection of the prostate gland. Decision making on the
appropriate therapeutic approach is complex and a very sensitive issue as these therapies
can be associated with impaired quality of life. Some treatments, including surgery and
radiotherapy can cause side effects such as urinary incontinence and erectile dysfunction
(de Brot et al., 2015, Isbarn et al., 2009, Taylor et al., 2009).

For patients with localised PCa or older patients “active surveillance” may be an option to
avoid unnecessary treatment (Klotz, 2010). Active surveillance involves regular tests like
PSA screening, biopsies and MRI and aims to cure the cancer if treatment is given. In
contrast, “watchful waiting” is suggested for men with either localised or advanced PCa
who have other health problems (Coen et al., 2011). These patients may not be able to
receive certain treatments due to co-morbidities and treatment usually serves to control
the cancer rather than to cure it.

Therapies will generally be suggested on the basis of the aggressiveness of the cancer that
is characterized by the pathologic stage and grade of the tumour. In general, localised PCa
(stage 1) is treated by surgical removal of the prostate gland (prostatectomy), external
radiotherapy or brachytherapy (D'Amico et al., 1998). Brachytherapy is a form of internal
radiation thearpy where small radioactive seeds are implanted near or in the tumour
(Bertermann and Brix, 1990). The advantage of this method is that a high dose of radiation
can be delivered to the tumour without damaging the surrounding tissue. About 40% of
patients undergoing radical prostatectomy experience recurrence and for patients using
brachotherapy it is about ~25% (Boorjian et al., 2012, Heidenreich et al., 20143,
Heidenreich et al., 2014b). If the cancer starts to spread, then local treatment alone will
not be sufficient. Locally advanced and metastatic PCas are treated by systemic approaches
like hormonal therapy, immunotherapy and chemotherapy. Hormone refractory prostate
cancer (HRPC) patients often receive chemotherapy, primarily docetaxel, a semisynthetic
taxane that stabilises microtubules thereby interfering with the mitotic spindle apparatus
which induces cytotoxicity and apoptosis (Fauzee et al., 2011, Petrylak et al., 2004). The
most common treatment for PCa patients with advanced disease are androgen-deprivation
therapies (ADTs) which aim to diminish testosterone levels and will be discussed further in

the next chapter.
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1.2.4 Androgen deprivation therapies

Since PCa is an androgen-dependent disease it is not surprising that for more than 70 years
PCa has been treated by ‘depriving’ prostate cells from androgen. Huggins et al. (1941) first
demonstrated that the castration of PCa patients leads to reduced levels of androgenic
hormones and subsequently to a significant improvement of the disease (Huggins et al,,
1941). Until today, the inhibition of androgen production or blocking the action of the AR
is the mainstay of so-called androgen deprivation therapies (ADT) (Sharifi et al., 2005).
Nowadays patients with a localised tumour usually undergo surgical castration through
laparoscopic and robot-assisted radical prostatectomy (llic et al., 2018b). About 80% of all
cases remain tumour-free after radical prostatectomy or radiotherapy (Boorjian et al.,
2012). If the tumour has spread though, chemical castration will be administered to reduce
circulating levels of the androgen in the body (Gomella, 2009). The first chemical castration
therapy was estrogen that was shown to inhibit tumour growth in 1972 (Huggins and
Hodges, 1972). However, estrogen therapy has several side effects affecting the
cardiovascular and thrombotic system (Klotz et al., 1999, Christoforou et al., 2014).
Nowadays, chemical castration is achieved through various pharmaceuticals that can be
divided into two classes: 1) androgen synthesis blockers and 2) androgen receptor
antagonists. These classes are further grouped into first generation and second generation
drugs, the latter representing more effective and recently developed pharmaceuticals.
Second generation drugs are commonly applied in patients castration resistant prostate

cancer (CRPC) who no longer respond to standard hormonal therapies.

1.2.4.1 Androgen synthesis blockers

Luteinising hormone releasing hormone (LHRH) agonists, were first introduced as an
alternative to estrogen therapy in the 1980s (Denmeade and Isaacs, 2002). LHRH agonists
are androgen synthesis blockers (first generation drugs) which suppress androgen
production by acting on the hypothalamus—pituitary—gonadal axis (Figure 1.10) (Crawford
and Hou, 2009). In the initial phase of the therapy LHRH agonists stimulate the production
of LH, resulting in increased serum testosterone levels which temporarily worsens the
disease and causes clinical flare in some patients (Thompson, 2001). After 7-10 days, LHRH
eventually down-regulates the gonadotropin-releasing hormone (GnRH) receptor in the
pituitary gland that controls LH secretion. As a result, testosterone production is
decreased. The exact mechanism through which LHRH agonists act on the GnRH receptors

is not fully understood. The gene expression of the pituitary GnRH receptor may be
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inhibited by counteracting the stimulatory effect of LHRH (Kovacs and Schally, 2001). To
overcome the side effects of LHRH agonists, GnRH antagonists have been developed
(Figure 1.10). GnRH antagonists bind directly to the GnRH receptor and thus act faster and
without causing testosterone surge (Cook and Sheridan, 2000a, Cook and Sheridan, 2000b,
Stricker, 2001). However, in LHRH agonists and antagonist treatments, androgen
precursors released from the adrenal glands remain unaffected and can be metabolised
into 5a-DHT (Labrie et al., 1993).

Thus, ketoconazole and abiraterone (second generation drugs) have been introduced
which irreversibly inhibit the Cytochrome P450 17 a-hydroxysteroid dehydrogenase
(CYP17A) enzyme (Figure 1.10) (Rowlands et al., 1995). CYP17A harbours a hydroxylase
activity which is responsible for the conversion of pregnenolone to 17-OH Pregnenolone
and a lyase activity to further convert 17-OH Pregnenolone into dehydroepiandrosterone.
These are precursor molecules required for androgen biosynthesis in both testes and
adrenal gland (Rowlands et al., 1995). Ketoconazole was developed first, however, it has
been shown not to be tolerated well and not to prolong patient survival (Trump, 2004).
Therefore, the more potent and selective inhibitor abiraterone was introduced which has
been proven to be more effective than ketoconazole in a study with metastatic castration
resistant prostate cancer (CRPC) patients (Peer et al., 2014). Several studies reported that
the survival among patients with metastatic castraction resistant PCa (CRPC) treated with
abiraterone was improved (Fizazi et al., 2012, Ryan et al., 2013) and older patients or
patients who have received chemotherapy seem to tolerate abiraterone well (Smith et al,,
2015). However, abiraterone is associated with hypertension, hypokalemia and edema as
a result of an excess of mineralocorticoids due to the repression of CYP17A (Mostaghel,
2014). Nevertheless, Abiraterone is currently used as a standard treatment for patients

with metastatic CRPC (Ramaekers et al., 2017).

1.2.4.2 Androgen receptor antagonists

Androgen synthesis blockers are often combined with androgen receptor antagonists, also
called anti-androgens, which compete with androgen for AR binding sites, consequently
blocking the action of both androgens of adrenal and testicular origins (Figure 1.10) (Chen
et al., 2009, Gillatt, 2006). Anti-androgens can be divided into two groups: steroidal and
non-steroidal anti-androgens (Chen et al., 2009). Steroidal anti-androgens have partial
agonist activity and interact with AR and also other nuclear receptors. Therefore mostly

pure non-steroidal anti-androgens are used that all bind the AR which includes flutamide,
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bicalutamide and nilutamide (First generation drugs) (Figure 1.10) (Rathkopf and Scher,
2013). Flutamide was one of the first anti-androgens and came to market as Euflex® in
1984 (Canada). It has been shown to have positive effects on therapy response and PCa
patient survival when combined with surgical or chemical castration (Labrie et al., 1985).
In a long-term study from 1986-1993 it was shown that the progression-free survival was
significantly better when patients received orchiectomy combined with nilutamide than
orchiectomy alone (Janknegt et al., 1993). Nilutamide has a unique side effect that is the
visual difficulty to adapt light-to-dark, affecting 20% of patients (Nakabayashi et al., 2005).
Bicalutamide is thought to have a more favorable tolerability profile relative to flutamide
and nilutamide (Gillatt, 2006). In 2000 bicalutamide was proven to be an attractive
alternative to surgical castrations in patients with locally advanced tumours (lversen et al.,
2000). Later studies with advanced prostate cancer patients have shown that bicalutamide
combined with an LHRH agonist resulted in improved PSA levels and overall survival
compared to LHRH agonist treatment alone (Akaza et al., 2009, Akaza et al., 2004).

In contrast, enzalutamide, apalutamide, and darolutamide (Second generation drugs) are
AR antagonists too, but have a greater affinity for the AR than first generation drugs, and
additionally block nuclear translocation of the AR, co-activator recruitment and DNA
binding (Figure 1.10) (Rathkopf and Scher, 2013, Semenas et al., 2013, Tran et al., 2009).
Since second generation drugs block AR transcription through multiple mechanisms, they
are considered more effective. In a study with castration-resistant LNCaP human PCa cells
enzalutamide bound the AR with a 5-8 fold higher affinity than bicalutamide (Tran et al.,
2009). Enzalutamide has been shown to prolong the survival in patients with CRPC that
have been treated with docetaxel before (Heck et al., 2013). Another study on 396 CRPC
patients (STRIVE trial, phase Il) revealed a better PSA decline and progression-free survival
after enzalutamide treatment compared to bicalutamide treatment (Penson et al., 2016).
Furthermore, enzalutamide does not have agonist activity like the first generation
antagonists. However, another study demonstrated that enzalutamide activity was very
low in docetaxel and abiraterone pre-treated patients (Bianchini et al., 2014). In addition,
enzalutamide has been shown to promote NePC trans-differentiation (Dang et al., 2015).
Apalutamide was recently approved as a new drug to treat men with CRPC (Figure 1.10). A
recent study by Chi et al (2019) (TITAN study, phase Ill) tested whether the addition of
apalutamide to ADT will improve survival of metastatic CRPC patients (Chi et al., 2019). The
study involved 525 patients who received apalutamide treatment and 527 patients who
received placebo treatment in addition to ADT. The trial revealed that metastatic CRPC

patients had a better overall and progression-free survival after apalutamide and ADT
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Figure 1.10: Schematic of first and second generation androgen deprivation therapies.

(A) LHRH agonists and LHRH antagonists are first generation ADTs that block the production of
androgen precursors released from the testes. (B) On the other hand, ketokonazole and abiraterone
rank among second generation ADTs and inhibit CYP17A1, an enzyme responsible for testosterone
production from precursors released from both the adrenal gland and testes. (C) Flutamide,
bicalutamide and nilutamide are first generation anti-androgens which block ligand binding of the
AR. (D) In contrast, enzalutamide, apalutamide and darolutamide are second generation anti-
androgens which block ligand binding and additionally block nuclear translocation, coregulator
recruitment and DNA binding. ADT = androgen deprivation therapy; CYP17A1 = Cytochrome P450
17 al-hydroxysteroid dehydrogenase; LHRH = luteinising hormone releasing hormone; ACTH =
adrenocorticotropic hormone; LH = luteinising hormone; DHT = 5a-dihydrotestosterone; HSP = heat
shock protein; KDM = lysine (K) demethylase; MED1 = Mediator Complex Subunit 1; NCO2 = Nuclear
Receptor Coactivator 2; CBP = CREB-binding protein;

treatment than after placebo and ADT. In addition, the side effects between the
apalutamide and placebo treatment were the same (Chi et al., 2019). Tagawa and

colleagues (2019) suggest a triple therapy comprised of apalutamide, abiraterone and
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docetaxel which targets various points in the androgen signalling pathway and thereby
should increase treatment efficiency. In their study all men experienced major PSA
declines, tumour regression and good drug tolerability. To sum up, apalutamide represents
a promising drug to treat metastatic CRPC patients. Another promising drug that has
recently been studied is Darolutamide which is a structurally unique androgen receptor
antagonist (Figure 1.10) (Fizazi et al., 2019). A study by Fizazi et al (2019) in men with
nonmetastatic CRPC (ARAMIS trial, phase Ill) showed a significant improvement of
metastasis-free survival in patients who received darolutamide (n = 955) compared to
patients who received placebo (n = 554) (Fizazi et al., 2019). In April 2019, the Food and
Drug Administration (FDA) granted a priority review for darolutamide as a treatment for

patients with nonmetastatic CRPC (Burnett, 2019).

1.2.5 Castration resistant prostate cancer

1.2.5.1 Mechanisms of CRPC

Despite recent success in developing more specific and effective ADTs, current ADTs are
still only effective for 12-18 months (Seruga et al., 2011). After that patients commonly
progress to a lethal and incurable form of PCa, called castrate-resistant prostate cancer
(CRPC) (Chandrasekar et al., 2015). Previously CRPC has also been referred to as hormone-
refractory or androgen-independent PCa, but it has become clear that most CRPC cases
remain influenced by androgen receptor signaling (Coutinho et al., 2016). CRPC requires
its resistance to ADT through the ability to abberantly activate the AR signaling pathway.
The mechanisms behind persistent AR signaling with concomitant ADT-resistance are the
topic of many recent reviews and include AR overexpression, hypersensitivy to low
androgen, increased androgen levels, AR gene mutations, drug antagonist-to-agonist
switching, ligand promiscuity, bypassing the AR signaling pathway, AR splice variants, AR
genomic structural rearrangements (AR-GSRs), and alterations in transcription factors and
AR co-regulators (Chandrasekar et al., 2015, Ferraldeschi et al., 2015, Seruga et al., 2011).
These mechanisms are thought to be the result of selective pressure of ADTs and to provide
the tumour with a selective advantage in the absence of androgen (Kumari et al., 2017).
AR overexpression is one of the most common alterations in CRPC and is often mediated
through AR copy number gain (Coutinho et al., 2016). Several studies confirm that half of
the CRPC cases harbour AR gene amplification (Beltran et al., 2013, Grasso et al., 2012,

Robinson et al., 2014), whereas the analysis of 333 primary PCa samples revealed almost
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no AR gene amplification or AR mutation (Beltran et al., 2013, Grasso et al., 2012, Cancer
Genome Atlas Research Network, 2015). These findings confirm that AR copy number gain
is an adaptive response to ADT. It has to be pointed out that AR amplification is not always
due to copy number gain but can also occur through transcriptional upregulation (Coutinho
et al, 2016, Taylor et al.,, 2010). This is best illustrated by the means of the AR
autoregulation mechanism through recruitment of ligand-bound AR and lysine-specific
histone demethylase 1A (KDM1A) to an enhancer in intron 2 (Cai et al., 2011). As discussed
later, KDM1A can demethylate K4mel and K4me2 on histone H3, thereby suppressing the
AR enhancer activity and inhibiting AR gene transcription via chromatin looping back to the
promoter. This negative feedback mechanism is lost at low androgen levels in the case of
ADT (Cai et al., 2011).

AR mutations are not common and only 159 of the known pathogenic 1029 AR mutations
were identified in PCa (Gottlieb et al., 2012). However, they mainly arise in advanced
prostate cancers after ADT (Tilley et al., 1996, Zong and Goldstein, 2013). Most mutations
occur in the ligand-binding domain (LBD) of the AR which facilitates ligand promiscuity and
antagonist-agonist switching. In 1992, Veldscholte and colleagues (Veldscholte et al,,
1992a) first showed in the human prostate cancer cell line LNCaP that a single point
mutation (T868A) in the AR ligand binding domain enables progestagens, estrogens and
diverse anti-androgens to act as AR agonists. Another interesting phenomenon that has
been observed is the “flutamide withdrawal syndrome” in which patients initially do not
respond well to flutamide but improve again as soon as flutamide is withdrawn (Scher and
Kelly, 1993). The reason for that is that the treatment with flutamide may elicit a selective
pressure leading to AR mutations. In a study in PCa bone marrow metastases, patients
mutations in the AR codon T877A have been described to be responsible for the change of
flutamide from an antagonist to an agonist (Taplin et al., 1999). Another mutation, L701H,
promotes the binding of glucocorticoids whose affinities are especially increased when
both mutations in codon T877A and L701H are present (Zhao et al., 2000). The mutations
F876L and W741L/C enable enzalutamide and bicalutamide respectively to bind to the AR
as agonists rather than an antagonists (Bohl et al., 2005, Korpal et al., 2013). The H874Y
mutation allows the binding of a broader range or steroids and nonsteroid ligands, and
interestingly, H874Y induces enhanced interactions with members of the p160 coactivator
family, leading to increased AR transactivation activity (Duff and McEwan, 2005). In
addition to mutations, variation in repeat lengths of CAG and GGN in the NTD of the AR

have been linked with a higher risk to develop PCa (Hsing et al., 2000, Schleutker, 2012).
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Ligand independency in PCa can also be acquired by bypassing the AR pathway and instead
activating other signalling pathways, such as the PI3K—Akt or Ras-Raf-ERK/MAPK cascade
(Feldman and Feldman, 2001). These signalling pathways are important to regulate cell
proliferation, differentiation and apoptosis independent of AR (Jason and Cui, 2016, Zhang
and Liu, 2002), however they have also been shown to phosphorylate and activate the AR
(Gioeli et al., 2006, Van Laar et al., 1990). Several studies confirmed in vivo and in vitro that
the Ras-Raf-ERK/MAPK pathway is associated with the development of CRPC. Bakin et al.
(2003) reported that constitutively active MAPK signalling in LNCaP cells sensitises the AR
to low androgen levels and makes LNCaP less dependent on androgen regarding its growth
and AR regulated gene expression (Bakin et al.,, 2003). Other studies reported that
increased rate and degree of MAPK activation correlates with advanced PCa stage and
grade, i.e. activated MAPK induces to cancer progression (Gioeli et al., 1999, Weber and
Gioeli, 2004). It was also shown that Ras signalling is sufficient and necessary for cancer
progression (Weber and Gioeli, 2004). Another study by Edwards et al (2003) revealed that
downstream signalling pathways of MAPK and PI3K were amplified in CRPC samples
(Edwards et al., 2003). Immunohistochemical staining revealed that phosphorylated Akt
was higher expressed in Gleason 8-10 patients (92% of speciemens strongly stained)
compared to lower Gleason score and prostatic intraepithelial neoplasia patients (10% of
speciemens strongly stained) (Malik et al., 2002). Another study on human PCa specimens
confirmed that phosphorylated Akt and phosphorylated AR correlated with poor survival
in patients (McCall et al., 2008). In addition, the PI3K-Akt pathway has been shown to
activate the expression of AR mRNA and protein, suggesting a mechanism to escape
hormone dependency (Yang et al., 2005). To summarise, these results provide evidence
that activated Ras-Raf-ERK/MAPK and PI3K—Akt pathways contribute to the development
of CRPC.

Another consequence of ADT induced selective pressure is the expression of truncated AR
variants (AR-V) which emerge through alternative splicing or AR gene rearrangements
(Schweizer and Plymate, 2016). In the full length AR (AR-FL) the N-terminal domain is
encoded by exon 1, the DNA-binding domain by exon 2 and 3, the hinge region by the 5’
portion of exon 4 and the ligand binding domain by the rest of exon 4 and exon 5-8 (Figure
1.11). In contrast, AR-Vs contain the NTD and full or part of the DBD, but lack all or part of
the LBD (Figure 1.11). Instead they harbour different 3’terminal ends with distinct lengths
and sequences which are the result of the incorporation of cryptic exons and/or exon
skipping (Antonarakis et al., 2016). In 2010 Hu et al. discovered seven AR variants,

numerically numbered from AR-V1 to AR-V7, lacking the ligand binding domain due to
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alternative splicing of the upstream reading frame of exon 3 (or exon 2 in the case of AR-
V3 (Figure 1.11). Alternative splicing is caused by in-frame stop codons and thereby leading
to ‘intronic’ exons (Hu et al., 2010). They also demonstrated that AR-V1 and AR-V7 mRNA
are expressed 20-fold higher in PCa patients that failed ADT (n = 25) than in hormone naive
PCa (n=82) (Hu et al., 2010). Subsequently several other studies have identified additional
AR-Vs harbouring cryptic exons (Dehm et al., 2008, Guo et al., 2009, Marcias et al., 2010).
Sun et al. identified an AR variant in which exons 5, 6 and 7 are deleted and therefore called
it ARv567es (Figure 1.11) (Sun et al, 2010). They further showed that ARv567es is
constitutively active and can form a heterodimer with AR-FL, the first time an interaction
between an AR variant and the full length AR has been shown. In addition, ARV567es
enhances PCa growth following ADT in vivo suggesting ARV567es contributes to CRPC (Sun
et al., 2010). After seven years of extensive AR-Vs research and a better appreciation of
their heterogeneity, it is believed that ADTs induce the formation of AR-Vs and that AR-Vs
play a significant role in CRPC progression (Coutinho et al., 2016, Hu et al., 2010). Much
research has gone into the splice variant AR-V7 and confirmed that AR-V7 is present and
increased in metastatic CRPC patients and that it is associated with ADT resistance,
progression to CRPC and short overall survival (Antonarakis et al., 2017, Hornberg et al.,
2011, Qu et al.,, 2015, Robinson et al., 2015, Scher et al., 2016, Umar et al., 2005, Welti et

al., 2016). AR-V7, and other splice variants, hold the potential as promising therapeutic

AR full length

NH,- 1 |2|3] 4a[5][6]| 7] 8] coon
NTD DBD Hinge LBD

AR-V1 [ AR-V7

NH- 1 [2]3] cE | -coon
NTD DBD

AR-V3

NH,- 1 [2] cE [3] cE | -cooH
NTD DBD

AR-v567es

NH,- 1 |2|3] 4] 8] -coon
NTD DBD Hinge LBD

Figure 1.11: Structure of full length androgen receptor and splice variants.

The AR-FL is composed of eight exons whereas exon 1 encodes the NTD, exon 2 and 3 the DBD and
exon 4-8 the hinge region and LBD. AR-V1 and AR-V7 also contain the NTD and DBD but comprise a
cryptic exon at the C-terminal end. AR-V3 harbours a cryptic exon between exon 2 and 3 and another
cryptic exon after exon 3. AR-v567es is an AR variant that lacks exons 5-7. AR-FL = androgen receptor
full length; AR-V = androgen receptor variant; NTD = N-terminal domain; DBD = DNA-binding
domain; LBD = ligand-binding domain.
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targets and CRPC biomarkers, however, their functional implication in PCa still has to be
further clarified. A recent study by Cato and colleagues (2019) revealed that AR-V7
heterodimerises with AR-FL and inhibits the transcription of tumour suppressor genes,
suggesting a mechanism by which AR-V7 contributes to the CRPC progression (Cato et al.,
2019).

In addition to the above mentioned mechanisms, alterations in other transcription factors
and AR coregulators, crucial players for the activation of androgen receptor target gene
expression, are also thought to be implicated in CRPC (Chandrasekar et al., 2015, Takayama
and Inoue, 2013). For example the transcription factor NANOG has been shown to promote
CRPC and resistance to ADT (Jeter et al., 2009, Jeter et al., 2011). Another transcription
factor, c-Jun, which is a subunit of the activator protein 1 (AP1) complex, can induce AR
transactivation by binding to the N-terminal domain of the AR and has been shown to be
implicated in prostate cancer progression and recurrence (Ouyang et al., 2008, Wise et al.,
1998). However, it is controversial whether c-Jun activates or represses transcription of AR
target genes (Hsu and Hu, 2013). Coregulator proteins influence transcription by
interacting with transcription factors and/or covalently modifying histones and other
proteins (McKenna et al., 1999). They are thought to play a role in the development of
CRPC by supporting AR transcriptional activity at low androgen levels and/or by influencing
ligand specificity (Edwards and Bartlett, 2005). In a study by Miyamoto et al. (1998), it was
demonstrated that the interaction between AR and the coactivator ARA70, also called
nuclear receptor coactivator 4 (NCOA4), enhanced agonist activity of known androgen
receptor antagonists such as (hydroxy)flutamide and bicalutamide (Miyamoto et al., 1998).
Another study by Halkidou et al. (2003) demonstrated that the histone acetylase TIP60,
also called K(Lysine) Acetyltransferase 5 (KAT5), was upregulated when androgen was
withdrawn from the PCa cell lines CWR22 and LNCaP, suggesting a role for TIP60 in the
development of androgen independency (Halkidou et al., 2003). Jose et al. (2002) revealed
an interesting mechanism involving the histone acetylase p300, a functional homologue of
the CREB-binding protein (CBP), which are crucial coactivators in hormone-dependent AR
transactivation (Chakravartiet al., 1996, Debes et al., 2002). The activity of p300 was shown
to be induced by IL-6 through the MAPK pathway and p300 can then switch on AR gene
transcription even in the absence of a ligand (Debes et al., 2002, Ueda et al., 2002a).
Further studies confirmed the role of p300/CBP in the development of androgen
independency and suggest to target p300/CBP in order to treat CRPC (Debes et al., 2005,
Jinetal, 2017).
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To sum up, several mechanisms for the development of androgen independency and CRPC
have been determined. This came concomitantly with the need to develop new strategies

to treat CRPC some of which will be described in the following.

1.2.5.2 Therapies to treat CRPC

As mentioned above, second generation drugs like ketoconazole and abiraterone
(androgen synthesis blockers) and enzalutamide, apalutamide, and darolutamide
(androgen receptor antagonists) have been developed to treat CRPC (Tran et al., 2009).
These drugs are more efficient than first generation drugs, though not curative (Nelson and
Yegnasubramanian, 2013). Other approaches such as AR-V degraders (niclosamide and
galeterone), AR NTD binding blockers (EPI-001 and niphatenones) and coregulator
inhibitors have been introduced and studied in the context of treating CRPR. Niclosamide
is an anti-helminthic drug which has been proven to inhibit tumour growth in vitro by
degrading androgen receptor splice variants and/or inhibiting signalling pathways that are
relevant in CRPC, such as the PI3K/AKT/mTOR and Wnt signalling pathway (Balgi et al.,
2009, Circu et al., 2016, Liu et al., 2014). Galeterone was originally designed to inhibit the
CYP17A enzyme, but it also inhibits AR nuclear translocation and degrades AR splice
variants (Yu et al., 2014). EPI-001 and niphatenones both are compounds that target the
AR N-terminal domain (NTD) and thereby prevent the binding of AR to the DNA (Lallous et
al., 2013).

Another potential way of inhibiting androgen receptor signalling in PCa is to target the
epigenetic coregulator proteins, and this is the focus of this dissertation. Bromodomain-
containing proteins are chromatin-binding and exhibit an important role in scaffolding
transcription factors and regulating transcription (Devaiah et al., 2016, Dey et al., 2000).
Several studies have proven that AR signalling is inhibited by BET inhibitors and a study by
Asagani et al (2016) has indicated that BET inhibitors inhibit growth of enzalutamide-
resistant CRPC cells (Asangani et al., 2014, Chan et al., 2015). In addition, BET inhibitors are

more efficient if combined with antiandrogens (Asangani et al., 2014).

Even though the above mentioned therapies have survival benefits, they are no curative

treatments for HRPC patients. There is therefore an urgent need to find novel targets and

develop new drugs to treat HRPC.
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1.2.6 Precision medicine

Precision medicine, also called personalised medicine, describes the approach to treat
patients based on their individual genes, environment and lifestyle (Ashley, 2015, Jameson
and Longo, 2015). This allows a more accurate prediction of disease treatment and
prevention for each individual patient. Prostate cancer has been considered a clinically
heterogenous disease (Barbieri et al.,, 2012b). However, through Next Generation
Sequencing (NGS) and RNA sequencing, frequent changes in the genome of PCa patients
have been discovered and homogenous disease subtypes identified (Barbieri et al., 2012b,
Berger et al., 2011). Genetic alterations which are common and have been detected early
on include alterations in p53, NKX3.1 and PTEN. In 1994, Massenkeil et al. discovered p53
mutations and deletions in advanced prostate cancer samples, suggesting a role in prostate
cancer progression (Massenkeil et al., 1994). P53 is a well-known tumour suppressor which
is mutated in almost half of all cancers (Strano et al., 2007). The homeobox-containing
transcription factor NKX3.1 is mainly expressed in the prostate epithelium and plays a
pivotal role in the normal development of prostatic ducts and production of secretory
proteins (Bhatia-Gaur et al., 1999). Heterozygous loss of NKX3.1 has been linked to pre-
stages of PCa like prostatic epithelial hyperplasia and PIN (Abdulkadir et al., 2002, Kim et
al., 2002), and more importantly to PCa progression (Abate-Shen et al., 2003, Bowen et al.,
2000, Cai et al.,, 2011). PTEN is a gene that encodes the phosphatidylinositol-3,4,5-
trisphosphate 3-phosphatase which inhibits the PI3K/AKT pathway and thereby is a key
tumour suppressor in prostate cancer (Trotman et al., 2003).

In 2005, Tomlins et al. (2005) found that the fusion of TMPRSS2 with ERG and ETV1, which
are members of the erythroblast transformation-specific (ETS) transcription factor family,
occurs in prostate cancer patients at a high frequency (Tomlins et al., 2005). ERG and ETV1
have been shown to be highly overexpressed in prostate cancer which is likely to cause the
fusion with TMPRSS2 according to Tomlins et al. (2005) (Petrovics et al., 2005, Tomlins et
al., 2005). Subsequently, a total of 17 different hybrid transcripts of combined TMPRSS2
and ERG gene sequences were identified, nine of which are predicted to encode either a
TMPRSS2-ERG fusion or truncated ERG protein (Clark et al., 2007, Soller et al., 2006). The
most common hybrid transcripts were a fusion between TMPRSS2 exon 1 and ERG exon 4,
and TMPRSS2 exon 1 and ERG exon 5. They were usually harboured by the same patient,
suggesting that they may be the result of an alternatively spliced TMPRSS2-EGR gene fusion
(Clark et al., 2007). The TMPRSS2:ERG gene fusion has then been discovered to be a
predictor for high-grade PIN, a precursor for prostate cancer (Park et al., 2014). Kashyap

and colleagues (2013) found that the TMPRSS2 locus is positively regulated by the
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androgen receptor co-regulator lysine-specific histone demethylase 1 (LSD1), also known
as KDM1A, which has been shown to be implicated in PCa recurrence and upregulated in
CRPC patients (Kahl et al., 2006, Kashyap et al., 2013, Sehrawat et al., 2018). Another study
showed that the histone methyltransferase EHMT2 dimethylates KDM1A at the amino acid
K114 in an androgen dependent manner and that this mark is read by the chromodomain
Helicase DNA Binding Protein 1 (CHD1), a chromatin modifier which has been reported to
be required for TMPRSS2-ERG fusions in PCa (Burkhardt et al., 2013, Metzger et al., 2016).
Indeed, the interaction between KDM1A K114me2 and CHD1 is pivotal for androgen-
dependent gene expression and chromosomal rearrangements including the TMPRSS2-
ERG fusion (Metzger et al., 2016).

In 2012, an exome sequencing study including 112 prostate adenocarcinoma samples
revealed novel frequent mutations in various genes, such as MED12, FOXA1 and SPOP, with
mutated SPOP being the most frequent one (Barbieri et al., 2012a). SPOP (speckle type
BTB/POZ protein) encodes the substrate-binding subunit of the cullin-RING-based BCR
(BTB-CUL3-RBX1) E3 ubiquitin-protein ligase complex and acts as a tumour suppressor in
PCa by directly binding to the hinge region of AR and thereby inducing AR degradation
(Geng et al., 2014, Nagai et al., 1997). In addition, SPOP ubiquitinates the oncogene ATF2
(Activating Transcription Factor 2), a member of the ATF/CREB basic region-leucine zipper
family of transcription factors which in turn inhibits PCa disease (Ma et al., 2018). If SPOP
is mutated, both the degradation of AR and ATF2 is lost, leading to prostate cancer
progression. Interestingly, prostate cancer samples with mutated SPOP did not harbour
ETS rearrangements, suggesting SPOP mutations may describe a new subtype of PCa
(Barbieri et al., 2012a). Another interesting finding was that PTEN deletion seems to
contribute to the development of SPOP mutant PCa (Blattner et al., 2017).

The above mentioned genetic alterations in PCa patients, and many more, represent useful
genetic markers to facilitate the diagnosis of PCa subtypes, the choice of treatment and
prognosis of patients (McCrea et al., 2018). RNA profiling tests have been developed to
predict disease prognosis. Decipher™, for example, predicts metastasis and mortality after
patients have received radical prostatectomy (Karnes et al., 2013). PCa initiation and
progression is not only driven by genomic but also epigenetic alterations.

The fact that advanced prostate cancer remains incurable emphasises the need to develop
new therapeutical approaches and agents. In the next chapter the epigenetic metchanisms
in prostate cancer will be discussed, as well as epigenetic coregulators of the androgen

receptor.
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1.3 Epigenetic coregulators

1.3.1 Epigenetics

The term “epigenetics” was introduced by Waddington in the early 1940s and nowadays is
defined as heritable changes in chromatin, without altering the underlying DNA sequence,
that affect gene expression (Waddington, 1940, Waddington, 2011). Epigenetics involve
DNA methylation, histone variants, posttranslational modifications of histones, chromatin

remodelling and non-coding RNAs (Liao and Xu, 2019).

1.3.1.1 DNA methylation

DNA modifications were first described in 1948 and were later linked with regulation of
gene expression (Griffith and Mahler, 1969, Hotchkiss, 1948). The modification is a
methylation reaction in which a methyl (-CHs) group is covalently attached to a cytosine or
adenine of the DNA (Robertson, 2005). This reaction is mainly catalysed by enzymatic
members of the DNA methyltransferase (DNMT) family (Kumar et al., 1994). The removal
of methyl groups is preliminarily conducted by enzymatic members of the ten-eleven
translocation (TET) family of dioxygenases and base excision repair (BER) (Kohli and Zhang,
2013). Demethylation can also occur passively by inhibition of DNMTs during de novo DNA
synthesis in replication (Kohli and Zhang, 2013). DNA methylation regulates gene
expression in various ways. In 1986, Bird described unmethylated CpG-rich islands which
are situated in the promotor region of many genes and the methylation of these islands
lead to gene silencing (Bird, 1986, Chomet, 1991). In addition, DNA methylation also occurs
outside of promotor regions, such as enhancers, and even within genes which might play
a role in transcriptional elongation and alternative splicing (Jones, 2012). On the other
hand, Jones (1999) described the “DNA methylation paradox” in which DNA methylation in
transcribed genes correlates with high gene expression. Today DNA methylation is
recognised as a dynamic process (Jones, 2012). Baubec et al. (2015) found an interesting
link between the DNMT3B and the lysine 36 on histone H3 (H3K36) . Methylated H3K36 is
associated with transcriptional activation and has been shown to support DNA methylation
by recruiting the DNMT3B in transcribed genes (Baubec et al., 2015, Huang and Zhu, 2018,
Morselli et al., 2015). This describes a mechanism of how epigenetic marks on histones and
DNA modifying enzymes work together to regulate gene expression. Dysregulation of DNA
methylation is implicated in many diseases. In prostate cancer, global hypomethylation

correlates with disease progression and is most dominant in metastatic PCa (Bedford and
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Van Helden, 1987, Santourlidis et al., 1999, Schulz et al., 2002). DNA hypomethylation,
which mainly occurs in introns and between genes, is thought to increase mutations and
instability in the genome and thereby leads to cancer progression (Liao and Xu, 2019). DNA
hypermethylation of promotor region is seen in many genes in PCa, for example the
glutathione S-transferase pi (GSTP1) (Henrique and Jerénimo, 2004). As a consequence of
the hypermethylation, the expression of these genes is decreased. Henrique and Jerénimo
(2004) have shown that GSTP1, which is important in detoxification during redox stress, is
hypermethylated in ~90% of PCa patients (Henrique and Jerénimo, 2004). On the basis of
that, the first epigenetics-based diagnostic assay was developed (Stewart et al., 2013). The
assay includes GSTP1, as well as Adenomatous polyposis coli (APC), which is an inhibitor of
the Wnt signalling pathway, and the Ras association domain family member 1 (RASSF1), a
tumour suppressor (Partin et al., 2014, Van Neste et al., 2017). This epigenetics-based
diagnostic assay should help detect cancer in patients that has been missed in biopsy, but

also to avoid unnecessary biopsies.

1.3.1.2 Non-coding RNAs

Non-coding RNAs (ncRNAs) are evolutionarily conserved and are transcribed from DNA
without being subsequently translated into proteins (Zaratiegui et al., 2007). They are
involved in many biologically important processes like DNA replication, transcription,
translation and RNA splicing and can be divided into two groups regarding their size: short
non-coding RNAs (sncRNAs) and long non-coding RNAs (IncRNAs) (Ponting et al., 2009).
Short non-coding RNAs include microRNAs (miRNAs), small-interfering RNAs (siRNAs),
small nuclear RNAs (snRNAs) and piwi-interacting RNAs (piRNAs). The best studied class is
the miRNAs which are around ~21-25 nucleotides long and are important in
posttranscriptional regulation of genes by targeting specific mRNAs for degradation or
translational inhibition (Bartel, 2004, Wahid et al., 2010). In prostate cancer, miRNAs with
both oncogenic and tumour suppressor function have been discovered (Ambs et al., 2008).
A tumour suppressor in PCa, miR137, was discovered by Nilsson et al. (2015) whose gene
locus has been proven to be slightly methylated in LNCaP and LnCaP:C4-2 cells and highly
methylated in PC3 cells (Nilsson et al., 2015). Increased DNA methylation is correlated with
high Gleason score (Nilsson et al., 2015). They found a mechanism by which androgen
treatment induces miR137 expression in LNCaP cells which in turn suppresses a network
of epigenetic coregulators involved in disease progression. Interestingly, this negative

feedback loop is lost in the androgen independent PCa cell lines LnCaP:C4-2 and PC3,
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thereby relieving the inhibition of coregulator expression, resulting in enhanced AR-
coregulator complex activity (Nilsson et al., 2015). This study was the basis of the current

project.

In the recent years, exosomes have gained much interest in research. Exosomes are
extracellular vesicles which carry cell-type specific cargo including lipids, proteins, DNA,
MRNA and ncRNAs. Exosomes are small (<150 nm in diameter) and are formed as
intraluminal vesicles in an endosomal compartment within the cell, called multivesicular
body (MVB) (Hessvik and Llorente, 2018). When the MVB fuses with the plasma membrane
of the cell, exosomes are released into the extracellular space (Hessvik and Llorente, 2018).
Exosomes are important in various processes including detoxification by discharging waste
products and cell-cell communication (Dragomir et al., 2018, Harischandra et al., 2017,
Maia et al., 2018). Not only in normal physiology, but also in the tumour microenvironment
exosomes have been shown to be implicated and represent potential therapeutic targets
(Chulpanova et al., 2018, Samanta et al., 2018). A study in docetaxel-resistant Du145 and
22Rv1 cells has shown that exosomes are capable of transferring the docetaxel-resistance
to resistance-naive Dul145, 22Rv1 and LNCaP cells and thereby promote tumour invasion
and proliferation (Corcoran et al., 2012). Another study has proven that exosomes derived
from LNCaP and PC3 cells, which have been exposed to hypoxia, carry certain proteins
which induce increased invasiveness and motility in hypoxia-naive LNCaP and PC3 cells,
thus leading to enhanced cancer aggressiveness (Ramteke et al., 2015). In 2018, Probert et
al. found a mechanism by which prostate cancer cells communicate with osteoblasts
through RNA-cargo in extracellular vesicles and thereby mediate bone metastasis (Probert
et al., 2019). Specific miRNAs in extracellular vesicles have been shown to be enriched in
the serum of metastatic PCa patients (Bryant et al., 2012). Exosomal miRNA can also be
used as a biomarker to detect treatment success after radiotherapy in PCa patients (Malla
et al., 2018). In contrast to tissue biopsies, so-called “liquid biopsies” are non-invasive and
allow the detection of circulating cell-free DNA, RNA, proteins and exosomes in the
patient’s body fluids and represent an important tool to identify biomarkers in precision

medicine (Di Meo et al., 2017).
1.3.1.3 Histone modifications
Eukaryotic DNA is tightly packed around a core of histone proteins to form a nucleosome

(Figure 1.12) (Kornberg, 1974). The histone core consists of an octamer composed of a
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tetramer of two H3 and H4 subunits and two copies each of H2A and H2B. Around 1.75
superhelical turns of DNA (~146 bp) are wrapped around the histone core (Figure 1.12)
(Luger et al., 1997). Histone proteins are highly conserved and rich in basic amino acids
such as arginine and lysine. They are positively charged and therefore tightly bind to the
negatively charged DNA, primarily through electrostatic interactions (salt bridges and
hydrogen bonds (Campos and Reinberg, 2009, Liao and Xu, 2019). The nucleosomes are
separated by ~20-30 bp of DNA, called linker, which gives the DNA the classic beads-on-a-
string structure (Figure 1.12) (Olins and Olins, 1974, Olins and Olins, 2003, Woodcock,
1973). A fifth histone, histone H1, is responsible for stabilising and protecting the linker
DNA and binds to the sites where the DNA enters and exits the nucleosomes (Figure 1.12)
(Boulikas et al., 1980, Brockers and Schneider, 2019). Even though nucleosomes represent
a highly compact unit, their composition, structure and location at the DNA is highly
dynamic (Kamakaka, 2003). The dynamic is achieved through histone variants, ATPase-
dependent chromatin remodelling complexes, and posttranslational modifications.
Histone variants are non-allelic and have different sequences to the major histones,
ranging from a change in only a few amino acids to very divergent changes (Kamakaka and
Biggins, 2005). They are tissue-specific and during development major histones can be
replaced by histone variants, contributing to differentiation (Franklin and Zweidler, 1977,
Malik and Henikoff, 2003). ATP-dependent chromatin remodelling complexes, such as
SWI/SNF, are large and consist between 4 and 17 subunits, including an ATPase subunit
(Tang et al., 2010). They recognise histone marks and can mobilise, replace and remove
nucleosomes through the hydrolysis of ATP (Vignali et al., 2000). Post-translational histone
modifications usually occur on the N-terminal tails of histones (and C-terminus of H2A)
which project outward (Dutnall and Ramakrishnan, 1997, Kouzarides, 2007). The amino
acids on these tails can be enzymatically modified, including acetylation, methylation,
phosphorylation, ubiquitylation, SUMOylation, O-glycosylation, ADP ribosylation, proline
isomerization and tail clipping (Bannister and Kouzarides, 2011, Liao and Xu, 2019). These
covalent modifications alter the electrostatic and chemical properties of histones, which
as a consequence 1) loosens or tightens the chromosomal structure and 2) recruits other
proteins or disrupts interactions between the DNA and proteins (Liao and Xu, 2019). In
2000, the term “histone code” was introduced, in analogy to genetic code, to describe
histone modifications as another language and layer of complexity (Liao and Xu, 2019,
Strahl and Allis, 2000). The histone code is a certain combination or sequence of histone
modifications which is read by other proteins to activate downstream events (Strahl and

Allis, 2000). Histone marks can also “cross-talk” which means that the modification of one
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histone induces or prevents another histone modification, either in the same histone (cis)

or in a different histone (trans) (Fingerman et al., 2008).

Figure 1.12: Schematic of nucleosomes and DNA in beads-on-a-string structure.
The DNA (black) is wrapped around a histone octamer, composed of two copies of H2A, H2B, H3

and H4 each, called nucleosome. Histone H1 binds to the nucleosome at the sites where the linker
DNA enters and exits the histone core. The N-terminal tails of the histones project outward of the
nucleosome and are target of post-translational modifications.

In the following sections, the main modifications relevant to this dissertation, acetylation,

phosphorylation and methylation, will be discussed in further detail.

1.3.1.3.1 Histone acetylation

In 1964, Allfrey and colleagues first discovered the acetylation and methylation of histones
and their implication in transcription (Allfrey et al., 1964). Around 31 years later, research
groups identified the first histone acetyltransferases (HATs), which are enzymes
responsible for the acetylation of lysines in histone proteins (Brownell et al., 1996, Parthun
et al.,, 1996). KATs catalyse the transfer of an acetyl group, derived from the coenzyme
acetyl-CoA, to the e-amino group (-NH;) of histone lysine residues, leading to acetylated
lysine (Figure 1.13) (Marmorstein and Zhou, 2014). This acetylation neutralises the
positively charged histone and therefore loosens the interaction between DNA and histone
leading to less compacted chromatin (Jenuwein and Allis, 2001). However, it is worth
mentioning that the main mechanism by which histone marks alter the chromatin is not by
themselves but by recruiting non-histone effector proteins, such as bromodomains and
chromodomains (Grewal and Moazed, 2003, lizuka and Smith, 2003, Peterson and Laniel,
2004). The reverse reaction, the removal of acetyl groups from histone lysine residues, is
catalysed by histone deacetylases (HDACs) and returns the chromatin into its compacted
state (Figure 1.13) (Seto and Yoshida, 2014). Acetylation and deacetylation are a highly
dynamic process and the general paradigm is that KAT activity increases DNA accessibility,

thus activating gene transcription, whereas HDACs are associated with transcriptional
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repression (Bannister and Kouzarides, 2011, Eberharter and Becker, 2002). However, it is
important to note that coregulators exhibit transcriptional activation and repression
properties in a cell, signal and epigenomic context dependent manner (An and Roeder,
2003, Bannister and Kouzarides, 2011, Paz et al., 2014).

HATs and HDACs usually act in a site and histone-specific manner important for distinct
physiological processes and most of the HATs and HDACs identified are part of a complex
widening their specificity (Chrun et al., 2017, Peterson and Laniel, 2004). The specificity is
also determined by different families within the KATs, which differ regarding amino-acid
sequence and protein conformation, including the p300/CBP family which has been shown
to be implicated in the progression of PCa (Heemers et al., 2008). The acetylation marks
on histones are recognised (“read”) by other proteins, such as bromodomains and PHD-
fingers (Marmorstein and Zhou, 2014). Bromodomains are well characterised and known
to bind acetylated lysine residues on histones (Bannister and Kouzarides, 2011, Dhalluin et
al., 1999). They are often associated with HATs and chromatin-remodelling complexes
(Hassan et al., 2002). Acetlyation cross-talks with other histone modifications such as
phosphorylation and methylation (Eberharter and Becker, 2002). A study by Vandel and
Trouchea (2001) has shown that p300/CBP, a transcriptional activator, physically interacts
with a methyl transferase (HMT) that can methylate H3K4 and H3K9, suggesting this
interaction is needed for transcriptional activation (Vandel and Trouche, 2001). These
examples highlight the synergism of post-translational modifications and complexity in
chromatin remodelling and transcriptional regulation.

Alterations in acetylation status in histones can cause diseases, such as cancer, usually by
increased HDAC activity and/or decreased HAT activity. In PCa, several studies have shown
that HDACs are overexpressed in patients and that this HDAC increase causes disease
recurrence and progression (Halkidou et al., 2004, Patra et al., 2001, Weichert et al., 2008).
Thus, research group have put intensive efforts into the development of HDAC inhibitors
and indeed, HDAC inhibitors have been shown to inhibit PCa growth and metastasis (Butler
et al., 2000, Makarevic¢ et al., 2018, Roy et al., 2005). HDAC inhibitors have been suggested
to be used as combination therapies and for various types of cancer they have entered
clinical trials. However, in PCa current HDAC inhibitors are not effective, especially for the
treatment of CRPC (Suraweera et al., 2018). A very recent study by Wen-Yang et al. (2019)
reports about the design of a hybrid between Enzalutamide and HDAC inhibitor and that
this hybrid drug is a better antagonist of full length AR and AR-V7 than Enzalutamide alone
(Hu et al., 2019). More research needs to go into the optimisation of HDAC inhibitors,

however, they still represent promising therapeutical agents to treat PCa.
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Figure 1.13: Histone acetylation.
Lysine acetyl transferases (KAT) catalyse the addition of an acetyl group to the e-amino group of

lysine by using Acetyl CoA as a co-substrate, creating acetylated lysine. The histone deacteylases
(HDAC) reverses this reaction by deacetylation, leading back to lysine.

Recently identified histone modifications at lysine residues, which are structurally similar

to acetylation, include malonylation, succinylation, formylation, propionylation,

butyrylation, crotonylation and glutarylation (Figure 1.14) (Arnaudo and Garcia, 2013, Chen
et al., 2007, Jiang et al., 2007, Rothbart and Strahl, 2014, Wisniewski et al., 2007, Xie et al.,
2012). They all require a donor acyl-coA as a metabolic source and have partly been shown

to be catalysed by HATs and HDACs (Chen et al., 2007, Kebede et al., 2015).
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Figure 1.14: Histone lysine modifications.
The structure of the lysine modifications propionylation, butyrylation, crotonylation, formylation,

malonylation, succinylation and glutarylation are similar to acetylation and use acyl-CoA as a co-
enzyme.
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1.3.1.3.2 Histone phosphorylation

Like acetylation, the phosphorylation of histones is a highly dynamic process and occurs on
serine, threonine and tyrosine residues, and like acetylation, mainly in the N-terminal tails
of histones (Figure 1.15) (Bannister and Kouzarides, 2011, Oki et al., 2007). The transfer of
a phosphate group to the OH-group of a target amino acid is catalysed by kinases using
adenosine triphosphate (ATP), leading to phosphorylated serine, threonine or tyrosine and
adenosine diphosphate (Figure 1.15) (Mersfelder and Parthun, 2006). In contrast, the
removal of the phosphate group is catalysed by phosphatases (Figure 1.15) (Mersfelder
and Parthun, 2006). Phosphorylation of histone proteins is crucial in various biological
processes including transcription, meiosis and mitosis, DNA repair, apoptosis and various
signalling pathways in response to growth factors, stress and immune stimulation (Sawicka
and Seiser, 2014). Another very important function of phosphorylation is to cross-talk and
regulate other histone modifications, such as acetylation and methylation (Suganuma and
Workman, 2008). One such example is the combinatorial phosphorylation and acetylation
on histone H3 which is a crucial recognition site for the “14-3-3” family (Macdonald et al.,
2005, Walter et al., 2008). The 14-3-3- family is pivotal for cell signalling and can interact
with various proteins, including TATA-binding protein, p53 and HDACs (Sawicka and Seiser,
2014). It was the first selective protein discovered to interact with phosphorylated serine
10 at histone 3 (Macdonald et al., 2005). Several studies showed that the phosphorylation
of H3510 induces the acetylation of H3K9 and H3K14 which has been shown to switch on
GCN5 (KAT2A) regulated gene expression (Cheung et al.,, 2000, Lo et al, 2000).
Interestingly, the binding affinity of 14-3-3 to phosphorylated H3510 is higher when the
adjacent lysine residues, H3K9 and/or H3K14, are acetylated (Walter et al., 2008, Winter
et al., 2008). In addition, the phosphorylation of H3510 by the kinase Aurora B elicits the
release of heterochromatin protein 1 (HP1) which recognises and binds the methylation
mark on H3K9 (Hirota et al., 2005, Lachner et al., 2001). HP1 is known as a repressor and
to interact with polycomb/trithorax groups of proteins which are involved in chromatin
remodelling (Bannister et al., 2001, Fischle et al., 2005). Ultimately, these epigenetic events
lead to transcriptional activation and the histone mark H35S10phK14ac has been shown to
be situated at many activated promoters (Macdonald et al., 2005, Winter et al., 2008).
Examples for the correlation between phosphorylation and methylation marks include a
study which has described a mechanism in which H3K28 is phosphorylated by stress-
activated kinases (Lau and Cheung, 2011). H3K28ph, together with the adjacent H3K27me3
mark, induces the displacement of the repressive polycomb group and thereby activates

the transcription of target genes (Gehanietal., 2010). Metzger and colleagues (2008)
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Figure 1.15: Histone phosphorylation.
The addition of phosphate groups is catalysed by kinases using adenosine triphosphate (ATP) and

the removal by phosphatases. In histone proteins serine, threonine and tyrosine residues can be
mono-, di- and tri-phosphorylated, whereas in this figure mono-phosphorylation is depicted.

identified a mechanism in which the phosphorylation of H3T11 by the protein kinase C-
related kinase 1 (PRK1) is necessary for the demethylation of H3K9me3 by the JMJD2C
(KDM4C) which in turn activates AR-dependent transcription (Metzger et al., 2008). In
addition, they showed that high PRK1 and H3T11ph levels in PCa specimens correlate with
high Gleason score and the inhibition of PRK1 reduced LNCaP cell growth, suggesting PRK1
may represent a promising target in PCa (Metzger et al., 2008). Metzger and colleagues
also describe a new chromatin mark, namely H3T6ph, which is phosphorylated by the
protein kinase C beta | (PKCB)) and which in turn prevents the lysine-specific demethylase
1 (LSD1) from demethylating mono- and demethylated H3K4, a known mark for active
transcription (Metzger et al., 2010). This finding provides more insight into the mechanisms
of the dual function of LSD1, which represses transcription by demethylating H3K4, but

activates transcription by demethylating H3K9 (Metzger et al., 2010).
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1.3.1.3.3 Histone methylation

Histone methylation mainly occurs on lysine and arginine residues at the N-terminal tail of
histones (Black et al., 2012, Musselman et al., 2014). It is the transfer of a methyl group (-
CHs) to the nitrogen of the e-amino group of lysine or the 6-guanidino group of arginine,
leading to methyl-lysine and methyl-arginine respectively (Figure 1.16) (Black et al., 2012,
Musselman et al., 2014). The enzymes catalysing this reaction are methyltransferase and
use S-adenosyl-methionine (SAM or AdoMet) as a donor, releasing in S-adenosyl-
homocysteine (SAH or AdoHcy) (Figure 1.16) (Black et al., 2012, Chiang et al., 1996). Protein
arginine methyltransferases (PRMTs) are capable of mono- or di-methylating histone
arginine residues (Di Lorenzo and Bedford, 2011). The PRMT family is composed of several
members which are well studies and known to be transcriptional coregulators (Chen et al,,
1999, Di Lorenzo and Bedford, 2011). In contrast, little is known about arginine
demethylation and therefore arginine methylation is currently considered a very stable
mark (Di Lorenzo and Bedford, 2011).

The methylation of histone lysine residues was long believed to be a static epigenetic
modification too. In 1964, the methylation of histone lysines and its role in RNA synthesis
was discovered (Allfrey et al., 1964, Allfrey and Mirsky, 1964, Murray, 1964). In 2000, Rea
and colleagues discovered the first enzyme that catalyses histone methylation, namely the
lysine methyltransferase (KMT) SUV39H1, also referred to as KMT1A, which contains the
for many KMTs characteristic SET (Su(Var)3-9, Enhancer of zeste, Trithorax) domain (Rea
et al., 2000). Subsequently, many more KMTs were discovered which mono-, di- and tri-
methylate lysine residues in histones (Dillon et al., 2005, Nimura et al., 2010). In 2004, Shi
et al. discovered the first histone lysine demethylase (KDM), called LSD-1 (Lysine-Specific
Histone Demethylase 1A), also referred to as KDM1A, opening a completely new view on
histone methylation being a dynamic and reversible process rather than a static epigenetic
mark (Shi et al., 2004). Thereafter, many more KDMs where found, which are divided into
two subgroups according to their enzymatic mechanism (Anand and Marmorstein, 2007,
Hou and Yu, 2010). The KDM1 family are FAD-dependent amine oxidase enzymes that
require protonated lysine residues for di- and mono-demethylating histones (Hou and Yu,
2010, Shi et al., 2004).

In 2006, Tsukada and colleagues discovered JHDM1, later referred to as KDM2A, which is
the first member of the second subgroup of KDMs, namely the family of Jumonji C domain-
containing histone demethylases (JHDMs) (Tsukada et al., 2006). JHDMs are Fe(ll) and a-
ketoglutarate dependent oxygenases which act on methyl groups by radical attack, and

therefore are also capable of mono-, di- and tri-demethylate lysine residues (Hou and Yu,
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2010, Tsukada, 2012). The two subclasses will be described in more detail in the next
section. The capability of mono-, di- and tri-demethylating lysine residues makes
methylation a more complex modification than acetylation and phosphorylation (Bannister
and Kouzarides, 2011). Interestingly, in contrast to acetylation and phosphorylation,
methylation does not seem to alter the electrostatic charge of histones though (Bannister
and Kouzarides, 2011, Hyun et al., 2017). Instead, methyl marks are considered as sites for
“reader” proteins and indeed, many proteins which contain a methyl-lysine binding motif
have been identified, including PHD, tudor, zf-CW, PWWP, chromo and bromo domain
proteins (Musselman et al., 2014). Those reader proteins bind methyl-lysine in a selective

manner depending on the site and state of methylation (Hyun et al., 2017).
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Figure 1.16: Histone methylation at lysine.
The lysine methyl transferases (KMT) catalyses the transfer of one to three methyl groups to lysine,

by using the co-substrate SAM, leading to mono-, di- or tri-methylated lysine. The reaction is
reversed by the lysine demethylase (KDM). SAM = S-adenosyl methionine; SAH = S-adenosyl
homocysteine.

The methylation of lysine and arginine residues occurs throughout all five histone proteins
(Greer and Shi, 2012, Tan et al., 2011). The best studied lysine methylation sites include
H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20. The consensus is that methylated H3K4,
H3K36 and H3K79 is associated with transcriptionally active sites, whereas methylated
H3K9, H3K27 and H4K20 is related to silenced genes (Black et al., 2012). The focus of this
study are the histone marks H3K4, H3K9 and H3K27 and the enzymes demethylating these

marks, which will be described in the next section.
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To sum up, histones can be altered through various chemical modifications, altering the

chromatin structure and accessibility for the replication and transcription machinery. A

schematic of the most intensively studied modifications in core histones is presented in

Figure 1.17 (Kimura, 2013, Tessarz and Kouzarides, 2014, Zhao and Garcia, 2015). The

cross-talk between those modifications appears to be complex and context-dependent and

more research is needed to further elucidate the roles of histone modifications and how

they influence each other.
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Figure 1.17: Histone modifications in core histone proteins.
The location of the common histone modifications acetylation, methylation, phosphorylation and

ubiquitylation in the core histones H2A (AAN59974.1; 130aa), H2B (CAA41051.1; 126aa), H3
(AAN39284.1; 136aa) and H4 (NP_003533.1; 103aa) is depicted.
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1.3.2 Histone demethylases

As described in the previous section, histone demethylases can be divided into two
subgroups: (1) The FAD-dependent amine oxidase enzymes, which includes the KDM1
family; and (2) the Fe(ll) and a-ketoglutarate dependent oxygenase enzymes, which
comprise the Jumonji family (Anand and Marmorstain, 2007, Hou and Yu, 2010, Tsukada
et al., 2006). In Table 1.2 the members of the subgroups are listed, including their name,
synonyms, protein domains and histone demethylation targets (Bian et al., 2017, Hoffmann
et al,, 2012, Labbé et al., 2014, Shmakova et al., 2014). A schematic of the demethylation
targets is presented in Figure 1.18. In 2004, the very first KDM discovered was KDM1A,
which was originally named lysine-specific histone demethylase 1 (LSD1) (Shi et al., 2004)
(Table 1.2). A systematic nomenclature has been applied and LSD1A is now referred to as
KDM1A and serves as the KDM prototype (Pajtler et al., 2013). KDM1A will be described in
detail in the next section. Five years after the discovery of KDM1A, a second flavin-
dependent histone demethylase was identified and termed LSD2/KDM1B (Karytinos et al.,
2009). In contrast to KDM1A, which targets H3K4me2/mel and H3K9me2/mel, KDM1B is
strictly specific for H3K4me2/me1l and contains a zinc finger motif (Karytinos et al., 2009)
(Table 1.2). Since KDM1A is not capable to demethylate trimethyl-lysine residues,
additional KDMs with a tri-methyl lysine substrate specificity are required. Indeed, over the
last years an extended family of demethylases were characterized whose members contain
a so-called Jumonji domain (Table 1.2). Jumonji literally means cruciform in Japanese and
refers to a mutation observed in the jumonji mouse gene involved in the neural groove
development (Takeuchi et al., 1995). Shortly after that, the jumonji gene was characterized

in humans and is 90% homologous to the jumonji mouse gene (Bergé-Lefranc et al., 1996).
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Figure 1.18: KDM histone marks.
Histone lysine demethylases (KDMs) target mono-, di- and tri-methylated lysine residues at histone

H3 (K4, K9, K27, K36) and H4 (K20). The specificity of the members of the subclasses KDM1 to KDM9
and NO66 are given.
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Table 1.2: Histone demethylase families and their implications in prostate cancer.
For each histone demethylase, the name, synonyms, protein domains and histone demethylation

targets are stated. In addition, their implications and function as a tumour suppressor or oncogene

in PCa are given. SWIRM = Swi3p, Rsc8p and Moira; AO = amino oxidase; Jmj = Jumonji; ZF = zinc

finger, PHD = plant homeodomain; LRR = leucine-rich repeat; ARID = AT-rich interaction domain;

TPR = tetratrico peptide repeat; PCa = prostate cancer; EMT = epithelial-mesenchymal transition;

CRPC = castrate resistant prostate cancer.

Name Synonyms  Domains Histone targets Implications in PCa References
KDM1A  LSD1, SWIRM H3K4me2/mel Increased expression (Kahl et al.,
AOF2 AO H3K9me2/mel AR-coactivator 2006, Kashyap
Tower PCa initiation, etal, 2013,
progression, recurrence, Metzger etal,
. . . . 2005, Wang et
angiogenesis, migration, al,, 2015)
invasion, EMT
KDM1B LSD2, SWIRM H3K4me2/mel -
AOF1 AO, ZF
KDM2A  JHDM1A JmjC H3K36me2/mel Downregulated (Frescas etal.,
FBXL11A,  ZF, PHD Centromeric 2008)
KIAA1004  F-box, LRR rearrangements and
mitotic aberrations
KDM2B  JHDM1B JmjC H3K4me3 Cell-cell adhesion, actin (zacharopoulou
FBXL10B  ZF, PHD H3K36me2/mel cytoskeleton organisation ~ etal., 2018)
F-box, LRR PCa cell migration
KDM3A  JHDM2A JmjC H3K9me2/mel Overexpressed (Fanetal,
JMID1A AR-coactivator 2016, Wilson et
KIAAO742 PCa growth and survival el 2l
Yamane et al.,
2006)
KDM3B  JHDM2B JmjC H3K9me2/mel Overexpressed (Bjérkman et
JMJD1B al., 2012)
KIAA1082
KDM3C  JHDM2C JmjC H3K9me2/mel = =
KIAA1380
TRIP8
KDM4A  JHDM3A JmjC, JmjN H3K9me3/me2 Overexpressed (Berry and
JMID2A PHD H3Kk36me3/me2 AR-coactivator Janknecht,
KIAAO677  Tudor 2013, Shin and
Janknecht,
2007)
KDM4B  JHDM3B JmjC, JmjN H3K9me3/me2 Overexpressed (Coffey et al.,
JMID2B PHD H3K36me3/me2 AR-coactivator 2013, Berry
KIAA0876  Tudor Responsible for AR and Janknecht,
stability 2013)
KDM4C  JHDM3C JmjC, JmjN H3K9me3/me2 Overexpressed (Wissmann et
JMID2C PHD H3K36me3/me2 AR-coactivator al., 2007, Berry
KIAAO780  Tudor Cooperates with KDM1A ~ 2ndJanknecht,
2013)
KDM4D  JHDM3D JmjC, JmjN H3K9me3/me?2 Maybe AR-coactivator (Shin and
JMID2D Janknecht,
2007)
KDM5A  JARID1A JmjC, JmjN H3K4me3/me2/mel  Overexpressed (Sharma et al.,
RBP2 PHD, PLU-1 May contribute to drug 2010)
ZF, ARID resistance

51



Chapter 1: General introduction

Name Synonyms  Domains Histone targets Implications in PCa Function
KDM5B  JARID1B JmjC, JmjN H3K4me3/me2/mel  Overexpressed (Lietal,
PLU-1 PHD, PLU-1 AR-coactivator 20153, Lu et
RBP2-H1  ZF, ARID all, 0ilss,
Xiang et al.,
2007b)
KDM5C  JARID1C JmjC, JmjN H3K4me3/me2/mel  Overexpressed (Stein et al.,
XE169 PHD, PLU-1 Marker for relapse after 2014)
SMCX ZF, ARID radioactive therapy
KDM5D  JARID1D JmjC, JmjN H3K4me3/me2/mel Downregulated (CRPC) (Komura et al.,
SMCY PHD, PLU-1 Docetaxel resistance 2016, Lietal,,
KIAAD234  ZF, ARID Marker for invasion & 2L
metastasis
KDMB6A  UTX JmjC H3K27me3/me2 Overexpressed (Morozov et
KABUK2 TPR al., 2017)
KDM6B  JMJD3 JmjC H3K27me3/me2 Overexpressed (Morozov et
KIAAO346 PCa progression al., 2017, Xiang
et al., 2007a)
KDM7A  JHDM1D JmjC H3K9m?2 Overexpressed (Leeetal,
KIAA1718  PHD H3K27me2 AR-coactivator, PCa 2018)
growth
KDM7B  JHDMI1F JmjC H3K9me2/mel Overexpressed (Bjorkman et
KIAA1111  PHD H4K20mel PCa growth, migration, al.,, 2012)
PHF8 invasion
KDM7C  JHDM1E JmjC H3K9me2/mel Potentially deleted (Lee etal,
KIAAO662 PHD H4K20me3 2015, Zhang et
PHF2, al., 2018b)
GRC5
KDM8 IJMID5 JmjC H3K36me2 Overxpressed (Wangetal.,
AR co-activator 2019)
PCa growth & CRPC
KDM9 ROSBIN JmjC H4K20me2 = =
DPY-21
NO66 JMID9 JmjC H3K4me3/me2 Overexpressed (Sinha et al.,
RIOX1 H3K36me3/me?2 Survival, invasion, 2019)
metastasis,
CRPC, PCa growth in
bone
MINA JMJD10 JmjC Potentially - =
RIOX2 H3K9me3

The jumoniji family now comprises more than 100 members from bacteria, fungi, plants
and animals, and share two conserved motives, the jmjC domain and the more N-terminally
situated jmjN domain, whereat the jmjN domain is not present in all members (Balciunas
and Ronne, 2000, Takeuchi et al., 1995). Thereafter, Tsukada and colleagues characterised
the first JmjC domain-containing histone demethylase that specifically demethylates
H3K36 in the presence of Fe(ll) and a-ketoglutarate (Tsukada et al., 2006). They named it
JmjC domain-containing histone demethylase 1 (JHDM1, later referred to as KDM2A)
(Tsukada et al., 2006). In the following years, more JHDMs were identified and are classified

into the KDM-nomenclature according to their structure and domains (Table 1.2). The
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Jumonji domain is important for the catalytic activity, whereas the other domains, including
the PHD, SWIRM, ARID, zinc finger and tudor domain, fulfil different crucial functions, such
as DNA binding, protein binding and reading and binding histone marks (Hoffmann et al,,
2012). Many KDMs have been shown to be implicated in various types of cancer (Black et
al., 2012, Hoffmann et al., 2012, Hyun et al., 2017). Their implications in prostate cancer
are listed in (Table 1.2). KDM2A (Frescas et al., 2008), KDM5D and potentially KDM7C (Lee
et al.,, 2015, Zhang et al,, 2018b) are considered to function as tumour suppressors in
prostate cancer. In contrast, most KDMs fulfil an oncogenic role in prostate cancer,
including KDM1A, KDM2B, KDM3A, KDM3B, KDM4A-C, KDM4A, KDM4B, KDMAC,
potentially KDM4D, KDM5A, KDM5C, KDMEA, KDM6B, KDM7A, KDMS8, NO66 (Table 1.2).
Even though KDM5B has been reported to be overexpressed in PCa and described as an
oncogene, its exact role remains controversial (Li et al., 2015a, Lu et al., 2015b, Xiang et al.,
2007). This highlights the potential of developing drugs and therapies targeting KDMs to
treat prostate cancer (D'Oto et al., 2016, Hoffmann et al., 2012).

This study will focus on the methylation marks at H3K4, H3K9 and H3K27 and thus the role
of these marks will be described. The methylation of H3K4 is a known mark for active
transcription, whereas methylated H3K9 and H3K27 are generally considered repressive
marks (Black et al., 2012). The methylation level of H3K4 has been reported to exhibit a “5’
to 3’ gradient” at actively transcribed genes, with high levels of H3K4m3 at the
transcription start site (TSS), H3K4me2 further downstream and H3K4mel most distal
(Barski et al., 2007, Soares et al., 2017). This gradient is important to guide transcription
factors and coregulators, for example H3K4me3 mainly attracts transcriptional co-
activators, whereas H3K4me?2 is read by HDACs which suppress transcription to avoid
cryptic gene expression (Buratowski and Kim, 2010, Pinskaya and Morillon, 2009). Ernst
and Kelly (2010) performed a large-scale characterisation of chromatin states through
ChlP-seq analysis and revealed that H3K4me3 is highly frequent at the promoter sites,
together with evolutionarily conserved motifs, CpG islands and bound transcription factors
(Ernst and Kellis, 2010). H3K4me1 is frequently found at the enhancer (Ernst and Kellis,
2010). At the TSS, H3K4me2/1 and H3K9mel are present at higher levels (Ernst and Kellis,
2010). In silent genes, higher H3K9me3/me2 levels are present around the TSS, which is
associated with heterochromatin and gene silencing (Barski et al., 2007). Higher H3K9mel
levels are found around the TSS, when the promoter is active, suggesting H3K9mel may
be implicated in transcriptional activation (Barski et al., 2007). Interestingly, H3K9me3/me2

levels are found to be high in internal exons and have been shown to contribute to exon
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inclusion, whereas H3K9 demethylation leads to exon skipping, suggesting a role for H3K9
methylation in alternative splicing (Bieberstein et al., 2016). Similarly, H3K27me3/me2 is
higher at silent promoters compared to active promoters (Barski et al., 2007). Surprisingly,
H3K27me1l is found to be enriched at active promoters which highlights the complexity of
histone modifications in transcriptional regulation (Barski et al., 2007). Active histone
marks, such as H3K4me3, have been shown to antagonise H3K27me3 and are rarely
present at the same histone H3 (Wiles and Selker, 2017). However, promoters can be
“bivalent”, if they harbour both H3K4me3 and H3K27me3 (Bernstein et al., 2006, Ke et al,,
2009). A study in PCa has revealed that both non-malignant epithelial prostate cells and
malignant PC3 cells harbour the same proportion of bivalent H3K4me3 and H3K27me3
promoters, however, which genes harbour these bivalent combinations differs greatly,
leading to differential gene expression between normal and prostate cancer cells (Ke et al.,
2009). A study on global histone H3K4 and H3K9 modifications in PCa tissue revealed that
H3K4mel, H3K9me2, H3K9me3 levels are decreased in PCa tissue compared to normal
prostate tissue (Ellinger et al., 2010). They further showed that H3K9me2 correlates with
advanced TNM stage and H3K9me2/mel with Gleason score (Ellinger et al., 2010).
H3K9me3/me2 and H3K4me2 correlates with high PSA (Ellinger et al., 2010).
H3K4me3/me2/mel correlates with lymph node involvement, Gleason score and is higher
expressed in patients with HRPC compared to localised PCa, i.e. it could be an indicator for
PCa progression (Ellinger et al., 2010).

The lysine residues at H3K4, H3K9 and H3K27 can be demethylated by KDM1A, KDM5B and

KDM7A (Figure 1.18), which will be described in more detail in the next sections.

1.3.2.1 KDM1A

KDM1A was the very first human KDM discovered by Shi and colleagues (2004). It is a
nuclear amine oxidase homologue and has the unique feature to oxidise the amino groups
of histones through a flavin-dependent amine oxidation reaction (Shi et al., 2004). KDM1A
is capable of demethylating mono- and di-methylated H3K4 and H3K9 and therefore can
act as both a transcriptional corepressor and coactivator (Metzger et al., 2005, Shi et al.,
2004). KDM1A can interact with protein complexes, receptors, non-coding RNAs, other
epigenetic coregulators and transcription factors (Ismail et al., 2018). Interestingly, the
substrate specificity of KDM1A depends on which partner is bound. Lee et al. (2005) found
that the demethylation of H3K4 requires KDM1A to be in complex with the histone
deacetylase HDAC1/2 and the REST (RE1 silencing transcription factor) corepressor 1 (co-
REST) (Hakimi et al., 2002, Lee et al., 2005, You et al., 2001). The SANT domain in coREST
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allows interaction with KDM1A and links KDM1A with the chromatin structure (Boyer et al.,
2002, Shi et al., 2005). KDM1A has also been found to be bound to other co-repressor
complexes such as the nucleosome remodeling deacetylase (NuRD) complex, an
interaction implicated in breast cancer metastasis (Wang et al., 2009d). On the other hand,
Metzger and colleagues (2005) performed a study in LnCaP cells and aimed to investigate
the regulation of the AR by KDM1A involved in prostate cancer. They found that KDM1A
demethylates the histone marks mono- and dimethyl H3K9 in an androgen-dependent
manner, thereby activating gene expression (Metzger et al., 2005). This finding further
highlights that KDM1A acts in a complex-dependent manner, either as a gene repressor or
activator. KDM1A not only demethylates histone proteins but also non-histone proteins
(Nicholson and Chen, 2009). For example, a study by Huang and colleagues (2007) has
shown that demethylation of p53 by KDM1A inactivates p53 and thereby inhibits apoptosis
(Huang et al., 2007).

Many studies revealed KDM1A is crucial for mammalian development and various
biological processes (Amente et al.,, 2013, Burg et al.,, 2015). In 2007, Wang et al.
demonstrated that KDM1A is essential in cell-lineage determination and differentiation
during pituitary organogenesis, by recruiting co-activator and co-repressor complexes to
target genes (Wang et al., 2007). However, KDM1A is also involved in many types of cancer,
including head and neck (Yuan et al., 2015), ovarian (Chen et al., 2015), (Liu et al., 2017),
lung (Lv et al., 2012), liver (Zhao et al., 2012) and colon (Ding et al., 2013). As already
mentioned above, KDM1A is also implicated in PCa by co-localising with the AR and acting
as an AR co-activator (Metzger et al., 2005). Cai and colleagues (2011) reported about an
interesting AR feedback mechanism. At low androgen levels, such as in CRPC, AR can bind
to an enhancer, positioned in the second intron of AR, to induce AR gene expression (Cai
etal., 2011). At high AR levels, AR recruits KDM1A to the enhancer and thereby inhibits AR
gene expression (Cai et al.,, 2011). Another study revealed that in high-risk prostate
tumours, KDM1A mRNA and protein levels are significantly up-regulated and high levels of
KDM1A correlates with PCa recurrence (Kahl et al., 2006). These findings were confirmed
and extended by Kashyap and colleagues (Kashyap et al., 2013) who reported that siRNA-
mediated inhibition of KDM1A function blocks androgen induction of pro-metastatic gene
networks. Furthermore, pharmacological inhibition of KDM1A decreased proliferation of
androgen dependent and independent cell lines (Kashyap et al., 2013). Moreover, they
suggest a direct role for KDM1A in regulating VEGF-A expression, providing first evidence
for a link between KDM1A and pro-angiogenic pathways (Kashyap et al., 2013). Not

surprisingly, in the recent years, inhibitors targeting KDM1A have been developed (Niwa
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and Umehara, 2017). Wang et al. (2015) reported that the inhibition of up-regulated
KDM1A through the KDM1A inhibitor pargyline reduced prostate cancer cell migration,
invasion and epithelial-to-mesenchymal transition (EMT) in vitro and in vivo (Wang et al.,
2015). They propose the repression of KDM1A as a complementary therapy to ADT in
advanced PCa (Wang et al., 2015). Another study in docetaxel-resistant prostate cancer
cells revealed that the KMD1A antagonist HCI-2509 increases H3K9me2 in a dose-
dependent manner, inhibits c-myc expression and reduces tumour growth in mice (Gupta
et al., 2016). Very recently, a research group identified the compound NCL1 as a highly
selective KDM1A inhibitor which inhibits CRPC cell growth, including 22Rv1 and PC3 cells,
by inducing apoptosis and autophagy (Etani et al.,, 2015). KDM1A thus is a promising
therapeutic target and biomarker and KDM1A inhibitors for different cancer types, such as
acute myeloid leukemia and small cell lung cancer, have entered into cancer clinical trials
(Magliulo et al., 2018, Niwa and Umehara, 2017, Yang et al., 2018).

KDM1A is a 90kDa protein and contains three domains: the AOL domain, the SWIRM
domain and the Tower domain (Figure 1.19) (Hayward and Cole, 2016). Similar to other
FAD-dependent amino oxidases, it contains an amine oxidase-like domain (AOL) (Figure
1.19) (Laurent and Shi, 2016). The AOL domain is responsible for the catalytic activity and
provides binding sites for its substrates and the cofactor flavin adenine dinucleotide (FAD)
(Chen et al., 2006b). Whilst the FAD-binding sites are similar to other amino oxidases,
KDM1A has a more expansive substrate binding pocket which is responsible for its ability
to bind a broad spectrum of substrates, including histone and non-histone proteins (Burg
etal., 2016, Ismail et al., 2018). The acidic binding pocket of KDM1A needs at least 21 amino
acids of its substrate for efficient catalysis, for example, the first 21 amino acids of the basic
N-terminal tail of histone H3 (Forneris et al., 2005, Stavropoulos et al., 2006). The AOL also
harbours two LxxLL motifs which are known to facilitate the interaction with nuclear
receptors such as the androgen receptor (Figure 1.19) (Heery et al., 1997). Within the
catalytic core of KDM1A, there is a protruding “Tower” domain which contains two
antiparallel a-helices that create a coiled coil structure (Figure 1.19). The Tower domain is
the site for interaction with CoREST and other proteins (Chen et al., 2006b, Laurent and
Shi, 2016). The SWIRM (Swi3p, Rsc8p and Moira) domain, which is not present in other
FAD-dependent amino oxidases and therefore is unique for KDM1A, is important for
protein-protein interactions and interactions with the AOL, but is not involved in DNA
binding (Aravind and lyer, 2002, Chen et al.,, 2006b, Stavropoulos et al., 2006). The
interaction between SWIRM/AOL forms a surface groove which is crucial to recognise and

bind the substrate (Burg et al., 2016, Stavropoulos et al., 2006).
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Figure 1.19: KDM1A protein domains.
The KDM1A protein (NP_055828) is composed of 852 amino acids and harbours a SWIRM, amino

oxidase and “tower” domain. The sites of LxxLL motifs and FAD binding sites are depicted. SWIRM =
Swi3p, Rsc8p and Moira; AOL = amine oxidase-like domain; aa = amino acid.

1.3.2.2 KDM5B

In contrast to KDM1A, KDM5B is capable of demethylating mono-, di- and tri-methylated
H3K4 and is also referred to as JARID1B or PLU-1 because of its domains (lwase et al., 2007,
Scibetta et al., 2007, Yamane et al., 2007). KDM5B is a 180 kDa protein which contains
1,544-amino-acid and is composed of multiple domains (Figure 1.20) (Dorosz et al., 2019,
Scibetta et al., 2007). The catalytic activity of KDM5B is dependent on the JmjC, JmjN and
C5HC2 (C = cysteine, H = histidine) zinc finger domain (Figure 1.20) (Horton et al., 2016).
The JmjC domain harbours substrate and iron binding sites and links with the JmjN which
is important for engagement with the substrate and iron (Horton et al., 2016). The exact
role of the C5HC2 zinc finger domain is still not clear, however, it is thought to be involved
in the catalytic activity of KDM5B and potentially bind DNA through one or several of its
eight zinc ligand-binding residues (Horton et al., 2016, Laity et al., 2001, Rujirabanjerd et
al., 2010). KDM5B harbours three PHD domains which are thought to have different
substrate specificities (Figure 1.20) (Klein et al., 2014). Interestingly, PHD1 has been shown
to have a very strong affinity to H3K4me0, but also binds H3K4m1. In contrast, PHD2 does
not seem to bind histones, and PHD3 preferably binds H3K4me3, but also H3K4mel/2
(Klein et al., 2014, Zhang et al., 2014c). The AT-rich interactive domain (ARID), originally
also referred to as BRIGHT domain, is responsible for DNA binding and has been shown to
bind to the consensus DNA sequence GCACA/C (Figure 1.20) (Scibetta et al., 2007, Tu et al.,
2008). The PLU-1 domain has not been fully characterised yet but may be implicated in
DNA binding and also shows to harbour several LxxLL binding motifs which is needed for
nuclear receptor binding (Figure 1.20) (Heery et al., 1997, Horton et al.,, 2016, Lu et al,,
1999). In electron microscopy KDM5B has a dumbbell shape, similar to the structure of the
KDM1A/CoREST complex, suggesting KDM1A and KDM5B share a similar mechanism of
demethylation (Dorosz et al., 2019).
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Since KDM5B demethylates H3K4me3, which is a mark for active transcription, at
transcription start sites, it is generally thought to be a transcriptional repressor (Han et al.,
2017). KDM5B has been implicated in various processes during development, especially
neuronal development, including mitosis, cell cycle, embryonic stem cells and
differentiation (Albert et al., 2013, Huang et al., 2015, Madsen et al., 2003, Schmitz et al.,
2011, Xie et al., 2011a). During development, KDM5B is crucial for fine-tuning H3K4me3
levels and thereby balances the activation and repression of regulator genes, which in turn
controls proliferation and differentiation processes (Fueyo et al., 2015). KDM5B can also
fulfill a demethylase-independent function as a linker protein and has been shown to
directly interact with transcription factors and histone deacetylases (HDACs) (Barrett et al.,
2007, Han et al,, 2017, Tan et al.,, 2003). It has been indicated to interact with HDACs
through its PHD domains (Barrett et al., 2007). Another study revealed that KDM5B can
also act as a coactivator by directly interacting with the retinoic acid receptor alpha (RARa)
and binding to the DNA element of retinoic acid (RA) responsive genes (Zhang et al,,
2014b). In the presence of RA, KDM5B releases the polycomb repressive complex 2 (PRC2)
it associates with in the absence of RA, and instead recruits co-activators which in turn
switch on RA signalling (Zhang et al., 2014b). KDM5B has also been shown to bind KDM1A,
in association with the nucleosome remodeling and deacetylase (NuRD) complex, and this
interaction is important to inhibit angiogenesis and metastasis in breast cancer, describing
KDM5B as a tumour suppressor (Klein et al., 2014, Li et al., 2011).

KDM5B is implicated in various types of cancer (Han et al., 2017). When KDM5B was first
discovered it was reported to be up-regulated in breast cancer (Barrett et al., 2007).
Multiple studies on the oncogenic role of KDM5B in breast cancer followed and revealed
that KDM5B is involved in breast cancer cell proliferation, mammary gland development,
lineage-driving of luminal cells and invasive ductal carcinoma (Zhao and Liu, 2015, Zou et
al., 2014). KDM5B has also been shown to be up-regulated in prostate cancer and to
directly interact with the androgen receptor, thus regulating AR-transcriptional activity
(Xiang et al., 2007). Another study on a microarray dataset showed that KDM5B was
expressed higher in tumour samples compared to normal prostate samples (Li et al,,
2015a). The expression of KDM5B is targeted by the tumour suppressor miR-29a which in
turn inhibits PCa cell proliferation and induces apoptosis and this tumour suppressive
function is lost in PCa tissues where miR-29a expression levels are low (Li et al., 2015a).
Aberrant methylation levels at H3K4 are associated with PCa progression and development
of HRPC (Ellinger et al., 2010, Lu et al., 2015b). Lu and colleagues (2015) found that the S-

phase kinase-associated protein 2 (SKP2), which is an E3 ubiquitin ligase involved in protein
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degradation, is highly expressed in PCa and targets KDM5B, leading to aberrant H3K4me3
levels in PCa (Lu et al.,, 2015b). They showed that SKP2 inactivation increases KDM5B
protein levels which in turn leads to a reduction of H3K4me3 levels (Lu et al., 2015b). It
therefore remains controversial, whether KDM5B fulfils a tumour suppressive or oncogenic
role in PCa and further investigation is needed to explain how high levels of both H3K4me3
and KDM5B can be present and contribute to PCa progression. During the last years,
KDM5B selective inhibitors have been developed. For example, the inhibitor PBIT
selectively inhibits KDM5B (ICsp = 3 uM) over other members of the KDM5-family and has
been shown to inhibit proliferation of UACC-812 breast cancer cells at a concentration of
10 uM PBIT (Sayegh et al., 2013). More recently, a more selective, competitive inhibitor of
KDM5B, named CPI-455, was developed with an ICsp of 0.003 pM and was also shown to

inhibit proliferation of drug-tolerant cancer cells (Vinogradova et al., 2016).
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Figure 1.20: KDM5B protein domains.

The KDM5B protein (NP_006609) has 1544 amino acids and contains a JmjN, JmjC, ARID/BRIGHT,
PHD1, PHD2, PHD3, Zf-C5HC2 and PLU-1 domain. The sites for the LxxLL motif, substrate binding
and iron binding sites are shown. JmjN/C = Jumonji N/C; ARID = AT-rich interaction; PHD = plant
homeodomain; Zf = Zinc finger.

1.3.2.3 KDM7A

While KDM1A and KDM5B have been extensively studied in gene regulation, development
and various diseases, little is known about KDM7A. However more and more research
groups focus on the role of KDM7A in normal physiology and disease. In 2010, Huang et al.
identified KIAA1718 as a member of the KDM7 family and thus it was assigned KDM7A
(Huang et al., 2010). KDM7A is capable of demethylating H3K9me2 and H3K27me2 (Huang
et al., 2010). KDM7A harbours a plant homeodomain (PHD)-type zinc finger motif and a
Jumonji C (JmjC) domain (Figure 1.21). As mentioned before, the JmjC domain is
responsible for the enzymatic activity and harbours Fe?* and a-oxoglutarate binding sites
(Figure 1.21) (Klose et al., 2006). The PHD domain is a highly conserved, around ~30 amino
acids short domain which contains a zinc-binding motif and is important for “reading”

histone modification marks which will be described later (Sanchez and Zhou, 2011). KDM7A
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has a unique dual-specificity for the repressive methyl marks on H3K9 and H3K27, acting
as a transcriptional activator by demethylating repressive methyl marks (Huang et al., 2010,
Yokoyama et al., 2010). Chromatin immunoprecipitation (ChlIP)-sequence analysis of
KDM7A from Caenorhabditis elegans (ceKDM7A) revealed that the PHD domain of
ceKDM7A binds H3K4me3, which is a known transcriptionally activating mark, and that this
binding is crucial for ceKDM7A’s demethylase activity in the promotor region of genes (Lin
et al.,, 2010). Crystallisation studies further suggested that the PHD domain can bind
H3K4me3 at one histone molecule, whilst the JmjC domain binds H3K9me?2 at a different
histone molecule, describing a trans-histone binding mechanism and providing a novel
mechanism of histone methylation regulation (Yang et al., 2010). Horton and colleagues
(2010) confirmed that both KDM7A and KDM7B bind H3K4m3 via their PHD domain,
however, they found that the presence of H3K4m3 on the same histone peptide makes
KDM7A demethylate H3K27 but not H3K9, and vice versa, makes KDM7B favour H3K9 over
H3K27 (Horton et al., 2010). The reason for this relates to the linker region between the
PHD domain and the JmjC domain (Chaturvedi et al., 2019, Horton et al., 2010). The linker
region of KDM7A is slightly longer and more rigid than the linker region of KDM7B, which
means that if KDM7A binds to H3K4, demethylation of H3K9 is hindered. In contrast, in
KDM7B the linker region is more flexible, allowing its JmjC domain to reach H3K9 for
demethylation (Chaturvedi et al., 2019, Horton et al., 2010).

KDMT7A is evolutionarily conserved in mammals and seems to be crucial in development,
including cell lineage specification in embryos, neuronal development and cardiac,
adipogenic and osteogenic cell differentiation (Rissi et al., 2019, Son et al., 2016, Tang et
al., 2014, Yang et al., 2019). KDM7A has also been implicated in various diseases, including
the auto-immune disease systemic lupus erythematosus (SLE) and the DiGeorge syndrome,
also referred to as 2211 deletion syndrome causing heart defects and learning difficulties
(Guo et al., 2015, Nawrocki et al., 2015). KDM7A has also been linked to different cancer
types, including pancreatic (Kondo et al., 2017, Pan et al., 2015), leukemia (Chen et al,,
2012b), breast (Kondo et al., 2017, Meng et al., 2019, Pan et al., 2015, Xie et al., 2017),
cervical cancer and melanoma (Osawa et al., 2011). A recent study in breast cancer cells
elegantly demonstrated that KDM7A regulates the transcription of estrogen receptor (ER)
target genes together in a protein complex with KDM6A and the acetyltransferase CBP
(cAMP response element - binding protein) (Xie et al., 2017). The KDM7A/KDM6A/CBP
complex does this by regulating the transition of the repressive mark H3K27me3 to the
activating  mark H3K27ac. While KDM6A (H3K27me3>me2) and KDM7A
(H3K27me2>H3K27mel) regulate the demethylation of trimethylated H3K27 (Xie et al,,
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2017), CBP is responsible for H3K27 acetylation, a modification known to increase
chromatin accessibility for transcriptional activation (Raisner et al., 2018). Besides its
epigenetic function, KDM7A has recently been shown to regulate the stability of the
intercellular adhesion moleculel (ICAM1) via a lysosome-dependent pathway (Choi and Jo,
2016).

Only one study indicated that KDM7A may play a role in prostate cancer, by suggesting that
KDM7A is part of a transcriptional coregulator network of AR in PCa (Nilsson et al., 2015).
Very recently, a study by Lee and colleagues confirmed that KDM7A induces androgen
receptor activity and prostate cancer growth (Lee et al., 2018). During the last years,
researchers have tried to develop selective inhibitors for KDM7A. The compound BIX-
01294, which mimics the structure of the histone substrate H3K9, inhibits the
demethylation of H3K9 by KDM7A (ICso = 16.5 uM), but also the H3K9 methylation activity
of the methyltransferase G9a, at an even lower ICso of 0.25 uM (Upadhyay et al., 2012).
Rose and colleagues (2012) then described Daminozide, which has been used as a plant
growth regulator but was then stopped due to toxicity concerns, as a selective inhibitor of
both the KDM2 and KDM7 family (Rose et al., 2012). However, KDM7B (0.55 uM) and
KDM2A (1.5 uM) have a lower ICso than KDM7A (2.1 uM) for this inhibitor and therefore
Daminozide may not be very selective for KDM7A (Rose et al., 2012). Thus, Suzuki et al.
(2013) developed a competitive inhibitor, which mimics the structure of the co-substrate
a-OG named TC-E 5002, which is more selective for KDM7A (0.2 uM) over KDM7B (1.2 uM)
and KDM2A (6.8 uM) (Suzuki et al., 2013). They also showed that TC-E 5002 inhibits the
proliferation of mouse neuroblastoma N2a (Gisp = 86 uM), cervical cancer Hela (Giso = 40
uM) and esophageal squamous cell carcinoma KYSE-150 cells (Gi50 = 16 uM) in vitro (Suzuki
etal.,, 2013). TC-E 5002 was also applied in the study by Lee et al. (2018) in LNCaP PCa cells
where it decreased cell growth and the expression of AR-target genes and if applied
together with Enzalutamide, apoptosis was induced (Lee et al., 2018). Gerken et al. (2017)
emphasise the importance of developing even more selective inhibitors for KDM7A and
since the KDM2 and KDM7 family is structurally similar, they developed and tested
inhibitors which mimic the histone substrate rather than the a-KG (Gerken et al., 2017).
They found a compound which is 75-fold more selective for KDM2A and KDM7A than other
JmjC lysine demethylases and which reduces both H3K9 and H3K36 demethylation in cells,
however, more research still needs to go into the development of KDM7A-selective

inhibitors (Gerken et al., 2017).
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Figure 1.21: KDM7A protein domains.
The KDM7A protein (NP_085150) is made up of 941 amino acids and contains a PHD and JmjC

domain. LxxLL motifs, substrate binding sites and iron binding sites are indicated. PHD = plant
homeodomain; JmjC = Jumoniji C.
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1.4 Aim of study

A recent study in PCa cells, reported by Nilsson and colleagues (2015), revealed a novel
negative feedback mechanism of androgen coregulators through the microRNA miR137, a
tumour suppressor which has previously been shown to regulate KDM1A in other cancers
(Althoff et al., 2013, Balaguer et al., 2010). In androgen responsive LNCaP cells, androgen
treatment leads to an induction of miR137 expression (Nilsson et al., 2015). In turn, miR137
suppresses the expression of essential AR coregulators, including KDM1A, KDM2A, KDMA4A,
KDM5B, KDM7A, MED1, and SUZ12. This negative feedback mechanism is lost in LNCaP:C4-
2 (androgen-independent) and PC3 (AR-negative) cells, thereby relieving the inhibition of
coregulator expression, resulting in enhanced AR-coregulator complex activity (Nilsson et
al., 2015). KDM1A is the most extensively studied KDM and inhibitors for KDM1A in cancer
treatment have entered into cancer clinical trials (Magliulo et al., 2018, Niwa and Umehara,
2017, Yang et al., 2018). The study by Nilsson et al. (2015) reveals the potential of not only
KDM1A representing a possible target for PCa treatments but also other coregulator
proteins, such as KDM5B and KDM7A, which are part of the miR137 regulated network.
The aim of this study therefore was to further elucidate the role of KDM5B and KDM7A in
androgen signalling in the context of PCa. The hypothesis was that KDM5B and KDM7A, like
KDM1A, are required for AR signalling in PCa. To test this hypothesis the following
experiments were completed. (1) The expression of KDM5B and KDM7A in PCa specimens
and cell lines was investigated. (2) KDM5B and KDM7A respectively were functionally
deleted by siRNA-mediated knockdown to determine the effect on AR signalling. (3) The
effect of KDOM5B and KDM7A selective pharmaco-inhibitors was tested on AR signalling and
PCa cell proliferation. Collectively these aims will determine a complex role for KDMs in AR

signalling in PCa.
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Chapter 2 Material and methods

2.1 Bioinformatics

The cBioPortal for Cancer Genomics was used to study genetic alterations in KDM1A,

KDM5B and KDM7A respectively in PCa patients (https://www.cbioportal.org/, accessed

12.08.2019) (Cerami et al., 2012). The genetic alterations included missense mutation,
amplification, deep deletion, mRNA upregulation and mRNA downregulation. The
frequencies of alterations in prostate adenocarcinoma, metastatic adenocarcinoma and
neuroendocrine carcinoma were compared. KDM mutations and their location in the
genome were determined. The overall survival and the disease/progression-free survival
regarding alterations were calculated by Kaplan-Meier estimate using the cBioPortal. Three
studies were included in the analysis: (1) The TCGA Provisional Prostate Adenocarcinoma
study (n =499), (2) the SU2C/PCF Dream Team Metastatic Prostate Adenocarcinoma study
(n = 444) and (3) the Trento/Cornell/Broad Neuroendocrine Prostate Cancer study (n =

114).

2.2 Tissue micro array (TMA)

In collaboration with the Nottingham University Hospitals (NUH) NHS Trust a tissue
microarray (TMA) was constructed on a well characterised prostate cancer (PCa) cohort at
Nottingham City Hospital, Nottingham. The study was ethically approved by the NUH
Biobank (ACP0O000184) and the University of Nottingham (UoN) (1533 150901). The ethics
approval number for the TMA was 1861 161006. | applied for and received an honorary
contract with NUH NHS Trust as a Research Assistant, which allowed me to work with
patient data at Nottingham City Hospital. For the construction of the TMA, specialist
support was given by Michael Shawky Toss, a histopathologist and PhD student at City
Hospital, who was a crucial contributor in the process of TMA construction and is the
histopathologist (MST) mentioned in the following sections. A flowchart of the different

steps of the TMA construction is depicted in Figure 2.1.

2.2.1 Prostate cancer database
First, patients in the NHS database at City Hospital, Nottingham were filtered for patients
diagnosed with prostate cancer (PCa) between 2003-2007 using the Winpas Software

(Figure 2.1, step 1). These PCa patients were further filtered for patients who were treated
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surgically with prostatectomy (n = 165) (Figure 2.1, step 2). Needle biopsies could not be
used for TMA construction as the tissue area is too small to core, hence it was important
to filter for prostatectomy only. Of these 165 PCa patients, a database was then generated
using the NHS NOTTIS Software (Figure 2.1, step 3). The database included demographic,
clinical and pathological data (Appendix 1).

Filtering for PCa patients
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Figure 2.1: Flow chart of the tissue microarray (TMA) construction.

The construction of the TMA can be divided into 18 steps, each of which is stated with the required
equipment (machine or software) and location. The steps are colour coded regarding their
corresponding section (Patient database, Collection of patient blocks, TMA construction &
evaluation, IHC and H-Score). The people contributing to the different steps are given with their
initials. VM, Veronika Metzler; MT, Michael Toss; CW, Corinne Woodcock; JJ, Jennie Jeyapalan; JL,
Jennifer Lothion-Roy.
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2.2.2 Collection of patient blocks

The diagnostic slides (~10-40 slides per patient) of the 165 PCa patients were collected in
the Biobank archive at City Hospital, Nottingham (Figure 2.1, step 4). The slides were
reviewed by a histopathologist to confirm the diagnosis and identify the best
representative formalin fixed paraffin embedded (FFPE) block for the TMA construction
(Figure 2.1, step 5). If the tumour area was considered too small to be suitable for the TMA
construction, the patient was excluded from the study. The best block per patient was
defined as the one with the largest area of tumour burden and Gleason score. As a positive
control, non-malignant prostate tissue was used. If the main tumour block did not contain
any normal tissue for positive control, an extra FFPE block with adjacent normal tissue was
selected. The selected FFPE blocks suitable for the TMA construction were retrieved from
the Biobank archive at City Hospital, Nottingham (Figure 2.1, step 6). To facilitate the TMA
construction and because the Haemotoxylin & Eosin (H&E) staining of some slides had
faded and therefore could not be reviewed properly, fresh sections (4 uM) of the FFPE
blocks were cut and newly stained with H&E at Queens Medical Centre, Nottingham (Figure
2.1, step 7). The slides were scanned using the NanoZoomer scanner (Hamamatsu
Photonics, UK) at Queens Medical Centre, Nottingham. The H&E stained sections were re-
evaluated to confirm the presence of tumour and/or adjacent normal tissue (Figure 2.1,

step 8).

2.2.3 Construction of the tissue micro array

Before the tissue micro array (TMA) was constructed, the digitally scanned H&E stained
slides were marked for 0.6 mm TMA cores (Figure 2.1, step 9), i.e. it was determined where
the cores should be taken from the FFPE blocks during TMA construction. The programme
used was the Panoramic Viewer Software, version 1.15.4. A maximum number of suitable
cores in both tumour and adjacent normal tissue for each image was marked. For the TMA
construction, the slides were digitally scanned using a high-resolution slide scanner
(Pannoramic 250 Flash Ill, 3DHISTECH Ltd.) at 20x magnification (Figure 2.1, step 10) and
viewed using the Xplore Viewer software (Xplore & TMA Pathology Research Suite, Philips,
UK). The TMA was constructed with a TMA GRAND MASTER 2.4-UG-EN MACHINE, using
0.6 mm punch sets (Figure 2.1, step 11).The recipient block was an standard paraffin wax
based block (3 x 2.5 x 0.4 cm). The layout of the TMA was 160 recipient cores: 104 tumour
tissue cores in the upper half and 56 normal tissue cores in the lower half. Three cores of

liver and three cores of tonsil were used as orientation points in the first and last rows
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respectively. The gap between each 0.6 mm core was 0.8 mm. The layout of the TMA can
be found in the Appendix 2. The automated TMA arrayer was loaded with a maximum of
60 FFPE blocks and 4 recipient blocks. The FFPE blocks were labelled with an anonymised
identification number, while the four recipient blocks were labelled VM1, VM2, VM3 and
VM4 respectively. The marked and scanned images were matched with the related FFPE
blocks to know where to take the cores from. Then the cores from the donor blocks were

automatically sampled and embedded into the recipient blocks. A photograph of the TMA

block is shown in Figure 2.2, A.
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Figure 2.2: Tissue micro array block.
(A) Photograph of the recipient FFPE block with cores. (B) H&E staining of TMA cores.

After the TMA was constructed, the tissue cores were annealed to the recipient blocks
(Figure 2.1, step 12). This is important for the cores not to fall out and to level the TMA in
order to maximise the number of sections containing all cores. To do so, the TMA recipient
blocks were placed facing upward in an oven at 37°C for 3 hours. A clean glass microscope
slide was placed on the top of the blocks and gently pushed down to ensure an even surface
and all cores were at the same level. The blocks were left to cool at room temperature for
3 hours. The TMA blocks were stored at 4°C for subsequent sectioning. The TMA blocks
were sectioned at 4 um thickness with the tissue microtome and stained with hematoxylin
and eosin (H&E) to assess the quality of the constructed TMAs (Figure 2.2, B), and to
evaluate potential missing cores and picked cores without tumour or normal tissue via

Microsoft Excel (Figure 2.1, step 13-14). The evaluation can be viewed in Appendix 2.
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2.2.4 Immunohistochemistry

To stain the proteins of interest, sections (4 uM) were cut from the TMA block VM4 which
showed the highest number of tumour tissue (89.4%) amongst all TMA blocks (Figure 2.1,
step 15). The IHC staining was performed by Corinne Woodcock (CW), Jennie Jeyapalan (JJ),
and Jenny Lothion-Roy (JL). The slides were labelled with a pencil and placed on the 60°C
hotplate for 10 minutes. Then the slides were allowed to cool and placed in the Leica
autostainer rack. The rack was loaded into the autostainer and ‘Programme 1’ was run to
dewax and rehydrate the sections: Xylene 2x 5min, Industrial Methylated Spirit (IMS) 3x
2min, H,O 5min. Then the rack was placed in a water bath. Antigen retrieval was performed
with 1X Citrate buffer, pH 6.0 (adjusted with 1M sodium hydroxide solution) for 20 minutes
in the Whirlpool ‘Sixth Sense’ microwave oven. After antigen retrieval, the slides were
washed for 5 minutes with tap water. For IHC staining the Novolink™ Max Polymer
Detection System (# RE7280-K, Leica Biosystems) was used. For antibody optimisation
Sequenza plates and racks were applied, whereas for the actual staining of the proteins of
interest a humidity chamber was used. The Leica Biosystems’ protocol was followed. For
Sequenza plates 100 plL of solution was used in each step, whereas in the humidity
chamber 300 uL solution was applied. All washing steps were performed with TBS-Tween
(Tris Buffered Saline containing 0.1% Tween 20®) three times for 5 minutes. Here it had to
be taken care to hold slides vertically to flood with TBS-Tween and not to wash cores
directly. First, slides were washed and 300 ul Peroxidase Block was applied for 5 minutes.
The slides were washed and 300 pl Protein Block was added for 5 minutes. Another
washing step followed. The primary antibody for KDM1A (#NB100-1762, Novus Biologicals;
1:1000 dilution), KDM5B (#H00010765-M02, Abnova; 1:20 dilution) and KDM7A (#NBP1-
81382, Novus Biologicals; 1:100 dilution) was added and incubated for 1 hour at room
temperature. The dilutions were made up with Leica antibody diluent. The slides were
washed and 300 ul Post Primary solution was added for 30 minutes. Another washing step
followed and then the slides were incubated with 300l Polymer for 30 minutes. The slides
were washed, whilst the DAB working solution was freshly made up of 1:20 DAB
chromogen in DAB substrate buffer. The DAB working solution was applied to the slides for
5 minutes followed by a washing step. Then 300 pl Novolink haematoxylin was applied for
6 minutes. After, the slides were dehydrated and cleared using the Leica austostainer
‘Programme 2’: IMS 3x 2 min, Xylene 2x 5 min. In the end, the sections were mounted with
DPX and covered with coverslips. The slides were incubated on room temperature for 24
hours and were then scanned with the NanoZoomer scanner (Hamamatsu Photonics, UK)

at Queens Medical Centre, Nottingham (Figure 2.1, step 16).
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2.2.5 Scoring staining intensity

The staining intensity of KDM1A, KDM5B and KMD7A respectively was assessed in the X-
plore Viewer software using the H-score method (Goulding et al., 1995) (Figure 2.1, step
17). The H-score ranged between 0-300 and was calculated by adding up the percentage
of cells at a certain staining intensity level. The staining intensity levels were determined
as 3 = strong staining, 2 = moderate staining, 1 = weak staining, 0 = no staining, i.e. the

following formula was used:

3 x % of strongly stained cells + 2 x % of moderately stained cells + 1 x % of weakly stained cells = 0 - 300.

For both nucleus and cytoplasm H-scores were determined and noted down in Microsoft
Excel. To ensure patient confidentiality it was necessary that an independent assessor was
used to score the TMA. For this reason, the scoring process was performed by Jenny
Lothion-Roy (JL), Corinne Woodcock (CW) and Jennie Jeyapalan (JJ). Each marker (10%) was
scored by a second scorer to control for internal consistency. The H-scores were then
correlated with the clinical data of the patient database and statistical analysis was
performed using the Statistical Package for Social Sciences (IBM® SPSS® Statistics, Version

24) software (Figure 2.1, step 18).

2.3 Cell culture

2.3.1 Celllines

In this study, one normal prostate cell line and three prostatic carcinoma (PCa) cell lines
were used (Table 2.1). The human prostate epithelial cell line PNT1A was provided by Dr.
Jenny Persson (Lund University). The PCa cell lines LNCaP (#89110211, Health protection
agency, Public Health England), LNCaP-C4-2 (#CRL-3314), 22Rv1 (#CRL-2502), PC3 (#CRL-
1435) and Dul45 (#HTB-81) PCa cells were a generous gift from Dr. Doug Scherr,
Department of Urology, Weill Cornell Medical College. They were purchased from the
American Type Culture Collection (ATCC, Manassas, VA). PNT1A served as a benign
prostate epithelial cell line in this study. Five different PCa cell lines were used to reflect
the different stages in PCa progression (Figure 2.3). LNCaP cells reflect an early stage of PCa
which is androgen-dependent and androgen-sensitive. LNCaP:C4-2, 22Rv1, PC3 and Du145
cells are models to study recurrent, hormone refractory PCa and resistance to ADT. While
LNCaP:C4-2 and 22Rv1 are androgen sensitive, PC3 and Dul45 are androgen-insensitive

and reflect highly metastatic PCa.
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LNCaP LNCaP:C4-2 ‘ 22Rv1 PC3 Du145

Androgen-independent

Androgen-sensitive Androgen-insensitive
AR-full length Low/undetectable AR-full length
| \
Undetectable AR-V7 splice variant Undetectable AR-V7 splice variant
| \
Model for Model for
localised PCa recurrent, hormone refractory PCa

Figure 2.3: Characteristics of the prostate cancer cell lines.

The androgen-dependency, androgen-sensitivity, androgen receptor (AR) presence, AR splice
variants and model characteristics were given.

2.3.2 Culture conditions

Cell culture solutions were purchased from Gibco® by Thermo Fisher Scientific, UK unless
otherwise indicated. All cell lines were maintained in 5% CO, in phenol red containing
RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich®,
UK), 1% penicillin-streptomycin-glutamine, 2 mM L-Glutamine and 1 mM sodium pyruvate.
Experiments that involved the use of R1881 (synthetic androgen) required the removal of
all hormones from the medium. To do so we used either commercial dialysed or charcoal
stripped FBS. FBS was charcoal stripped by adding activated charcoal (Sigma-Aldrich®, UK)
to a final concentration of 1 % and adding Dextran T-70 (Sigma-Aldrich®) to a final
concentration of 0.1 %. An incubation for 1 hour at room temperature whilst stirring and a
centrifugation at 12,000 x g for 15 min followed. The supernatant was vacuum-filtered
through a 110 diameter qualitative filter paper (Whatman®) and then filter-sterilised via
Millex-GP Syringe Filter Units, 0.22 um (Merck). The medium used for cell treatments
involving R1881 therefore contained phenol red-free RPMI-1640 medium supplemented
with charcoal-stripped 10% fetal bovine serum (FBS) (Sigma-Aldrich®, UK) or 10% HyClone®
dialysed fetal bovine serum (Thermo Scientific, USA), 1% penicillin-streptomycin-

glutamine, 2 mM L-Glutamine and 1 mM sodium pyruvate.

2.4 Growing cells for investigating basal expression levels

PNT1A, LNCaP, LNCaP:C4-2, 22Rv1, PC3 and Dul45 cells were grown in 6-well plates
(Greiner Bio-one) with 2 mL medium per well and cultured to 90-95% confluency. Cells

were then collected for RNA and protein extraction.

71



Chapter 2: Material and methods

Table 2.1: Description of normal prostate and prostatic cancer cell lines.
The tissue origin, cell morphology, culture properties, androgen receptor expression and disease
are stated.

PNT1A LNCaP LNCaP:C4-2  22Rv1 PC3 Dul45
Disease None Prostatic Prostatic Prostatic Prostatic Prostatic
carcinoma carcinoma carcinoma carcinoma carcinoma
Tissue Normal Metastatic A castrated  CWR22 Metastatic Metastatic
derived adult site: left mouse was  xenograft site: bone site: brain
from prostatic supraclavicular  co-inocu- regresses
epithelium lymph node lated with after
representing LNCaP and castration
differen- bone and relapses
tiated stromal leading to
luminal fibroblasts CWR22R.
prostatic leadingtoa CWR22R has
cells chimeric been serially
(Cussenot et tumor transplanted
al., 1991) (Thalmann in mice
etal.,, 1994) leadingto
22Rv1
(Sramkoski
et al., 1999)
Morphology | Epithelial Epithelial Epithelial Epithelia Epithelial Epithelial
Culture Adherent Adherent Adherent Adherent Adherent Adherent
properties
Cell growth | ~30 hrs ~42 hrs ~30 hrs ~35 hrs ~30 hrs ~25 hrs
doubling
time
Karyotype ~44 ~76-91 ~85-87 ~50 ~55-62 ~61-64
chromo- chromo- chromo- chromo- chromo- chromo-
somes somes somes somes somes somes
Androgen- No Yes No No No No
dependent
AR Androgen Androgen Androgen Androgen Reportedto  Reported to
expression receptor receptor receptor receptor be be
negative positive positive, positive, but  androgen androgen
but lower lower AR receptor receptor
steady- protein negative negative
state levels  levels than but but
of AR in LNCaP sometimes sometimes
protein and  (Sramkoski very low AR very low AR
mRNA et al., 1999) levels levels
transcript detected detected
(Wu et al. (Sramkoski (Sramkoski
1994) etal, 1999, etal, 1999,
Brolinetal, Brolinetal,
1992) 1992)
PSA No Yes Yes Yes No No
expression

2.5 Androgen (R1881) treatment

PNT1A, LNCaP, LNCaP:C4-2, 22Rv1, PC3 and Dul45 cells were grown in 6-well plates
(Greiner Bio-one) with 2 mL medium per well and cultured to 30-40% confluency. Medium
was removed and replaced by 2 mL charcoal-stripped medium per well containing 1 nM

R1881 (#R0908, Sigma-Aldrich) (synthetic androgen dissolved in 100% ethanol) and 0.1%
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ethanol as vehicle control (R1881 is dissolved in ethanol). Cells were incubated for three

days and cells were then harvested for RNA extraction.

2.6 siRNA treatment

Functional depletion of KDM1A, KDM5B and KDM7A was performed via siRNA technique
(Dharmacon™, Lafayette, CO) using ON-TARGETplus siRNA — SMART pools for Human
KDM1A (#L-009223-00-0005), KDM5B (#L-009899-00-0005) and KDM7A (#L-025357-01-
0005) (GE Dharmacon™) (Table 2.2). ON-TARGETplus non-targeting control siRNAs (#D-
001810-10-05, GE Dharmacon™) were employed as negative controls. Cells were
transfected using DharmaFECT 2 Transfection Reagent (GE Dharmacon™) and transfection
was performed after manufacturer's instructions with small adjustments.

For RNA extraction, LNCaP, LNCaP:C4-2, 22Rv1 and PC3 were plated in 12-well plates
(Falcon®) with 2 mL medium per well and cultured to 30% confluency. LNCaP cells were
grown until 40% confluency because their doubling time is higher than in the other cell
lines and they do not grow well if plated sparsely. Androgen treatment and siRNA
treatment were started at the same time and performed over a period of 3 days. Medium
was removed from the cells and replaced with 2mL charcoal-stripped medium per well
containing 1 nM R1881 (synthetic androgen) and 0.1% ethanol as control. The siRNA and
DharmaFECT transfection reagent were prepared in separate tubes; the following is an

example for the preparation of one well:

Tube Components Volume (pL)
Tube 1 Charcoal-stripped medium 41.5
SiRNA (20 puM stock) 1
Tube 2 Charcoal-stripped medium 41.5
DharmaFECT transfection reagent 1
Total volume 85

In the case of combinatorial experiments, the following was pipetted:

Tube Components Volume (pL)
Tube 1 Charcoal-stripped medium 40.5
SiRNA A (20 uM stock) 1
SiRNA B (20 uM stock) 1
Tube 2 Charcoal-stripped medium 41.5
DharmaFECT transfection reagent 1
Total volume 85
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The contents in the tubes were gently mixed by carefully pipetting up and down once. They
were then incubated for 5 minutes at room temperature. After that, the content of tube 1
was added to tube 2 and gently mixed by pipetting up and down once. An incubation of
15-20 minutes at room temperature followed. Then 85 plL of mixed content was added to
each well by pipetting dropwise, leading to an end concentration of 10 nM siRNA per well
and per siRNA. The plate was very gently shaken by hand and placed in the incubator for 3
days. Cells were then collected for RNA extraction.

For protein extraction, LNCaP and LNCaP:C4-2 cells were plated in 6-well plate with 2 mL
medium per well. The same procedure as described above was followed, however, no
androgen was added in this experiment as we just wanted to confirm the siRNA knockdown

of KDM1A / KDM5B / KDM7A on the protein level in this experiment.

Table 2.2: ON-Target plus human KDM1A/KDM5B/KDM7A smart pools.
The catalogue numbers and target sequences are stated.

Target No Sequence

KDM1A J-009223-05 GGAAGUUGUCAUUCAGUUA
J-009223-06 CCACCGAGUUCACAGUUAU
J-009223-07 CAUAAGUGACGAUGUGAUU
J-009223-08 CUAUAAAGCUCCAAUACUG

KDM5B J-009899-05 GGAGAUGCACUUCGAUAUA
J-009899-06 UAAGUUAGUUGCAGAAGAA
J-009899-07 UCGAAGAGAUCCCUGCAUA
J-009899-08 GGAAGAUCUUGGACUUAUU

KDM7A J-025357-09 CUAUAAACAACCCGUGUAA
J-025357-10 UGAUGGAUGUGGAACGUUA
J-025357-11 GUACCUGAAUGGAGAGCGA
J-025357-12 CCUAGUACAGGGAGUGAAA

2.7 KDM Inhibitor treatment

For RNA extractions, LNCaP, LNCaP:C4-2, 22Rv1, PC3 and Du145 cells were plated in 6-well
plates (Greiner Bio-one) with 2 mL medium per well and grown until 60-70% confluent
before treatment. At the day of inhibitor treatment, the medium was removed and
replaced by 2 mL charcoal stripped medium per well containing R1881 and inhibitor. The
inhibitors we used selectively target KDM1A, KDM5B and KDM7A respectively; details

about their selectivity and action of inhibition can be found in Table 2.3. The inhibitors were
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commercially purchased and their manufacturers and catalog numbers are given in Table
2.3. For gene expression analysis the cells were treated with the following inhibitor
concentrations: 50 uM, Namoline; 25 uM PBIT; 25 uM, 50 uM CPI1-455; 10 uM, 50 uM, 75
uM, 100 uM TC-E 5002. All inhibitor stock solutions were dissolved in 100% Dimethyl
sulfoxide (DMSO0) and therefore cells were incubated with DMSO concentrations of 0.05-
0.09% in the control wells. The DMSO concentrations varied depending on the experiment
but were kept under 0.1%, as this is the maximal DMSO concentration cells can tolerate.
R1881 treatment was performed as described above with 1 nM R1881 (synthetic
androgen) and 0.1% ethanol in the control respectively. Treatment with inhibitors and
R1881 was performed for three days and cells were then harvested for RNA extraction. The
cells were carefully scraped off the bottom of the well into the medium and centrifuged
down at 1,500 rpm (Eppendorf® Centrifuge 5417R). The cell pellet was used for subsequent
RNA isolation.

For proliferation assays, PNT1A, LNCaP, LNCaP:C4-2, 22Rv1, PC3 and Dul45 cells were
plated in 96-well plates (Corning®) with 150 puL medium per well and grown until 10%
confluent for PNT1A, LNCaP:C4-2, PC3 and Dul45, 20% confluent for 22Rvl and 30%
confluent for LNCaP cells (Figure 2.4). Cells were then treated with the following inhibitor
concentrations: 25 uM, 50 uM, 75 uM Namoline; 25 uM PBIT; 50 uM CPI-455; 20 uM, 200
UM, 400 uM Daminozide; 35 uM, 100 uM, 175 uM TC-E 5002. Inhibitor treatment was
performed for three and six days respectively. After three days the plate for the 3-days
treatment was used to perform the proliferation assay. In the plate for the 6-days
treatment the medium was removed and cells were treated with the same inhibitor
concentrations again. After three days of further incubation the proliferation assay was

performed on the plate for the 6-days treatment.
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Table 2.3: Pharmaco-selective KDM5B and KDM7A inhibitors.

The drug selectivity and half maximal inhibitory concentrations (ICso) for inhibition of corresponding
lysine demethylases (KDMs) are given. Furthermore, the inhibitory action of the drug and its effect
on cell proliferation are stated where available. The drugs were commercially purchased and their
catalog numbers and manufacturers are stated.

Inhibitor Selectivity (ICso) Action of Effect on cell growth  References Catalog no.,
inhibition manufacturer

Namoline KDM1A (51 uM) Competitive  In vitro: Inhibits (Willmann et # ab144666,
inhibition proliferation of al., 2012) Abcam

LNCaP cells (50 uM).
In vivo: Growth of
subcutaneously
implanted LNCaP
cells in nude mice
was restricted upon
Namoline treatment

PBIT KDM5B (3 uM) Undefined; Inhibits proliferation  (Sayegh etal.,, # ABE7658,
KDMS5C (4.9 uM) unlikely to of most UACC-812 2013) Source
KDMS5A (6 uM) be aniron breast cancer cells BioScience
KDMS5D (28 uM) chelator at 10 uM PBIT, but LifeSciences
only minimally toxic
to MCF7 and
MCF10A cells.

UACC-812 cells
express higher level

of KDM5B.
CPI-455 KDM5B: 0.003 uM  Competitive  Inhibits proliferation  (Vinogradova #2573,
KDMS5A: 0.01 uM inhibition of drug-tolerant etal., 2016) Axon
KDM5C: 0.014 uM persister cancer

cellsin a dose-
dependent manner

(6.25 =25 uM)
Daminozide ~ KDM7B (0.55 uM)  Competitive ~ N/A (Rose et al., #12033,
KDM2A (1.5 uM) inhibition 2012) Cayman
KDM7A (2.1 uM) Chemical
Company
TC-E 5002 KDM7A (0.2 uM) Competitive  Inhibits proliferation  (Suzuki et al., #5089,
KDM7B (1.2 uM) inhibition of mouse  2013) Tocris
KDM2A (6.8 uM) neuroblastoma N2a Bioscience

cells (Gi50 = 86 uM)
and cancer cells
Hela (Gi50 = 40 pM)
and KYSE-150 (Gi50
=16 uM) in vitro.
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Plate for 3-days
treatment

2-4 days 2-4 days

Inhibitor treatment
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3 days 3 days
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after 3 days inhibitor treatment
3 days

Proliferation assay
after 6 days

Figure 2.4: Steps of inhibitor treatment for subsequent proliferation assay.
Cells were plated in 96-well plates and treated with the corresponding inhibitor for a period of either
3 or 6 days before the proliferation assay was performed.

2.8 Proliferation assay

After three and six days of inhibitor treatment respectively (Figure 2.4), the cell
proliferation of PNT1A, LNCaP, LNCaP:C4-2, 22Rv1, PC3 and Du145 was assessed via the
CyQUANT® NF Cell Proliferation Assay Kit (Invitrogen™). This assay is based on the
measurement of cellular DNA content, compared to colorimetric assays which measure the
metabolic activity in a cell, like the MTT (Di-Methyl Thiazol Diphenyl Tetrazolium Bromide)
assay. The advantage of the CyQUANT® over the MTT assay is that it is not dependent on
physiological activity which may be variable independent of cell numbers. In the
CyQUANT® assay a plasma membrane permeabilisation reagent allows the fluorescent dye
to enter the cell and bind to the DNA. The DNA content is proportional to cell number.

In these experiments the manufacturer’s protocol was followed. After inhibitor treatment
the medium was carefully removed from the cells and 80 pL dye binding solution
(containing the fluorescent dye) per well was pipetted on the cells. The cells were then
incubated for 1.5 hours for equilibration of the dye binding to the DNA. This ensures a

stable fluorescence intensity endpoint. Fluorescence measurement was performed with
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excitation at ~¥485 nm and emission detection at ~¥530 nm in the Varioskan® Flash (Thermo

Fisher Scientific™).

2.9 RNA extraction

2.9.1 Phenol-chloroform isolation

Total cellular RNA was extracted using the TRIzol® reagent (Ambion® by life technologies™)
following manufacturer’s instructions. To lyse the cells, medium was removed and 500 plL
of TRIzol® reagent added per well of a 12-well plate and transferred into a 1.5 mL
microcentrifuge tube. In the case of 6-well plates and high cell confluence, a higher volume
of 750 uL TRIzol® reagent was used. The tubes were incubated for 5 minutes at room
temperature to allow complete homogenisation. Then 100 pL of chloroform was added to
the 500 pL TRIzol® reagent and tubes were inverted vigorously 15 times to mix the TRIzol®
reagent and chloroform well. The samples were incubated for 2-3 minutes at room
temperature and then centrifuged for 10 minutes at 13,000 x g at 4°C (Eppendorf®
Centrifuge 5417R). After centrifugation three separate phases are visible: (1) lower red
phenol-chloroform (containing proteins and cellular debris), (2) interphase (containing the
DNA), (3) and a colourless upper aqueous phase (containing the RNA). The agueous phase
was transferred into a new tube and 250 L isopropanol was added to precipitate the RNA.
The samples were incubated for 10 minutes at room temperature and centrifuged for 10
minutes at 13,000 x g at 4°C. The supernatant was discarded by carefully pipetting it off
and 500 pL of 75% Ethanol added to the pellet to wash the RNA. The pellet often is invisible
at that stage. The tubes were given a quick vortex before they were centrifuged for 5
minutes at 9,000 x g at 4°C. The supernatant was removed completely by pipetting and
tubes incubated at room temperature for 3-5 minutes with the lids open to allow remaining
Ethanol to evaporate. In the end RNA was dissolved in 30-50 pL RNase-free H,O and RNA
concentrations and purities (260/280 ratio) were assessed via NanoDrop™ 8000

Spectrophotometer (Thermo Fisher Scientific™). The RNA was stored at -80°C.
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2.9.2 RNAisolation via column

When cells were treated with pharmaco-selective inhibitors, the Phenol-Chloroform
method was not used, but instead the RNA was extracted with the GenElute™ Mammalian
Total RNA Miniprep Kit (Sigma-Aldrich™). The kit allowed extraction of pure RNA from very
low cell numbers which was needed in some of the inhibitor treatments that reduced cell
proliferation. Cells were thawed from the -80°C and the pellet vortexed to loosen the cells.
An appropriate amount of Lysis Solution/2-ME Mixture was prepared by adding 10 plL 2-
mercaptoethanol per 1 mL of Lysis Solution. I added 250 pL of Lysis Solution/2-ME Mixture
to the pellet and vortexed for around 20 seconds until all clumps disappeared. To remove
the cellular debris and shear the DNA, the lysed cells were passed through a GenElute
Filtration Column, that was placed into a 2 mL collection tube, by centrifuging at 13,000 x
g for 2 minutes. The filtration column was thrown away. To bind the lysate to the silica
membrane, 250 uL 70% ethanol was added to the filtered lysate. The samples were then
loaded onto the GenElute Binding Column that was placed into a 2 mL collection tube and
centrifuged at 13,000 x g for 15 seconds. The flow-through liquid was discarded and the
binding column place into a fresh 2 mL collection tube. The RNA was washed by pipetting
250 ulL of Wash Solution 1 onto the filter in the binding column and centrifuging at 13,000
x g for 15 seconds. If the samples were sent off for sequencing, an On-column DNase |
Digestion was performed by pipetting 80 ulL (10 pL of DNase with 70 uL of DNase Digest
Buffer) onto the filter. An incubation of 15 minutes at room temperature followed. After
that the RNA was washed a second time with 250 pL of Wash Solution 1 and centrifuged
at 13,000 x g for 15 seconds. Then the binding column was transferred into a fresh 2 mL
collection tube. For pure RNA, the filter was washed by adding 500 plL onto the column and
centrifuging at 13,000 x g for 15 seconds. The flow-through liquid was thrown away and
the RNA washed a second time with 500 plL of Wash solution 2 and centrifuged at 13,000
x g for 2 minutes. The flow-through was discarded and the column was centrifuged for
another minute at 13,000 x g to remove any residual wash solution. To elute the RNA, the
binding column was transferred to a 1.5 mL microcentrifuge tube and 30 puL of the Elution
Solution was added onto the filter of the binding column. Columns were incubated for 2-3
minutes at room temperature, followed by a centrifugation at 13,000 x g for 1 minute. RNA

concentration was measured by nanodrop as described above and the RNA stored at -80°C
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2.10 cDNA synthesis

Complementary DNA (cDNA) was synthesized from ~1 pg of total RNA by reverse
transcription with the gScript™ cDNA Synthesis Kit (Quanta Biosciences™) following the
manufacturer’s guidelines.

The reaction mix was made up of the following:

Component Volume

RNA (1 pg) dissolved in nuclease-free water 7.5 uL
5x concentrated master mix (containing oligo DT(20), random 2.0 uL
hexamer, dNTP, magnesium)

20x concentrated gScript reverse transcriptase 0.5 uL
Total volume 10 uL

After pipetting the components into a 1.5 microcentrifuge tube, tubes were centrifuged
down and incubated at 42°C for 1 hour in the waterbath (Grant SUB Aqua Pro, Grant
Instruments). Then 190 uL deionised ddH,0 was added, leading to an end volume of 200

uL with an end DNA concentration of 5 ng/uL. The DNA was stored at -20°C.

2.11 gPCR analysis

For mRNA expression analysis, hydrolysis probe based real-time quantitative polymerase

chain reaction (RT gPCR) was performed with the following TagmanTM probes (Thermo

ScientificTM):

Gene Catalog no

GAPDH Hs03929097 gl
PSA/KLK3 Hs02576345 m1l
TMPRSS2 Hs01122322 m1l
VEGFA Hs00900055_m1
HIF1a Hs00153153 m1l
NDUFA4L2 Hs00220041_m1
AR Hs00171172 m1
FOXA1 Hs04187555 m1
NKX3.1 Hs00171834 m1l
KDM1A Hs01002741 _m1l
KDM5B Hs00981910 m1
KDM7A Hs01398501_m1
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GAPDH was used as a house keeping gene. The qRT-PCR reactions were performed in a

LightCycler 480 Il (Roche) instrument and one gRT-PCR reaction was made up of the

following:
Component Volume
LightCycler® 480 Probes Master 7.50 uL
Probe 0.65 uL
PCR-grade H,0 5.85 uL
DNA 1.00 pL
Total volume 15 pL

The mastermix (MM) containing LightCycler® 480 Probes Master (Roche), probe and H,0
was distributed in a LightCycler480 Multiwell Plate 96 (Roche) by pipetting 14 uL MM per
well with a Eppendorf Multipipette® M4 using Combitips advanced 0.2 mL (Eppendorf).
The DNA was added by pipetting 1 uL per well. Before the plate was run, the plate was
centrifuged down in the Heraeus Labofuge 400 Centrifuge (Thermo Fisher Scientific). The

gRT-PCR programme was as followed:

Step Temperature (°C) Time Cycles
1) Hot start 95 10 min x1
2) Denaturation 95 10 sec
Annealing 60 30 sec x45
Amplification 72 1 sec
3) Cooling 4 30 sec x1

Relative gene expression analysis was carried out using the Pfaffl method which does not
afford any calibration curve (Pfaffl, 2001). Relative expression was calculated with the

following formula:

ACt target (control-treated
(Etarget) get ( )

ratio =
(Eref)ACt ref (control-treated)

2.12 Protein extraction from human cells

The cells for protein extraction were collected by removing the growth medium from the
plates, washing the cells with 1X phosphate-buffered saline (PBS) and pipetting 100-300 pL
SDS-denaturing buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol) (volume depended
on the cell numbers) on the cells. The cells were scraped off and the lysate was transferred
into a 1.5 mL microcentrifuge tube. To maximise lysis of the cells, the tubes were rattled

along the tube rack 20 times for sonication, boiled at 95°C for 5 min, and 2-3 freezing-

81



Chapter 2: Material and methods

thawing cycles were conducted. Proteins were stored at -80°C. Protein concentration was
measured using the DC™ (detergent compatible) Protein Assay (BIO-RAD) which is a
colorimetric assay based on the reaction of copper ions with Folin—Ciocalteu leading to a
blue colour. The Microplate Assay Protocol provided by the manufacturer was used and a
bovine serum albumin (BSA) standard curve with the following concentrations employed:
0 pg/mL, 125 pg/mlL, 250 ug/mL, 500 pg/mL, 1000 pg/mL, 2000 pg/mL BSA. The BSA
dilutions were made up freshly with FSB, the same buffer the proteins were stored in. First,
the working Reagent A’ was prepared by adding 20 pl of Reagent S to each mL of Reagent
A that was needed in the assay. Reagent A is an alkaline copper tartrate solution and
Reagent S helps reduce surface tension. The assay was performed in a 96-well plate with
flat bottom and 5 pl of BSA standards and protein samples respectively were pipetted per
well. Then 25 pl of Reagent A’ was added to each well. At this step, the copper ions in
Reagent A bind to the peptide bonds. Subsequently, 200 pl Reagent B was added into each
well. Reagent B contains a dilute Folin reagent which reacts with the copper ions turning
the solution into a blue colour. The intensity of the blue colour reflects the amount of
proteins. Before incubating the plate for at least 15 minutes at room temperature, the
plate was gently agitated to mix the reagents. The absorbance of the blue colour was
measured at 750 nm with the Varioskan® Flash (Thermo Fisher Scientific™). Proteins were
diluted to around 800-1500 pg/ul stock solutions for western blot analysis and stored at -
80°C.

2.13 Western blot analysis in human cells

2.13.1 Sample loading and protein separation

For western blot analysis, protein samples were diluted accordingly from the 800-1500
ug/ul stock solutions stored at -80°C, in order to load 10-20 ug protein on the gel. Western
blot analysis of KDM5B acquired loading of 20 ug, whereas for KDM1A and KDM7A 10 pg
protein loading was sufficient. Before loading, protein samples were combined with 5X
Laemmli loading buffer and boiled at 95°C for 5 minutes. The protein sample volume
loaded on the gel was 25 pL and as a ladder | used 8 ulL of the Thermo Scientific Spectra
Multicolor Broad Range Protein Ladder (Appendix 3). For KDM1A and KDM7A protein
analysis, proteins were separated on a 10% self-made acrylamide gel which were
composed of a resolving gel and a stacking gel. The resolving gel contained the following

components:
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Resolving gel components Volume
30% acrylamide and bis-acrylamide solution, 29:1 (BIO-RAD) 3.33mL
ddH;0 4.67 mL
1.878 M Tris HCL, pH 8.8 2 mL

10 % SDS 100 pl
TEMED (added shortly before casting) 5 uL
10% APS (added shortly before casting) 50 pL
Total volume ~10 mL

The resolving gel was poured first in the Mini-PROTEAN® Spacer Plates with 1.0 mm
Integrated Spacers (BIO-RAD) and covered with a layer of isopropanol to allow even setting
of the gel. After 40 minutes the resolving gel was set, the isopropanol removed and the
space above the resolving gel washed with ddH,0 to get rid of any isopropanol residues.
Then the stacking gel was pipetted on top of the resolving gel. The stacking gel contained

the following components:

Stacking gel components Volume
30% acrylamide and bis-acrylamide solution, 29:1 (BIO-RAD) 675 ul
ddH,0 3.8mL
1.25 M Tris HCL, pH 6.8 500 pl
10 % SDS 500 pl
TEMED (added shortly before casting) 5 uL
10% APS (added shortly before casting) 30 pL
Total volume ~55mL

After pouring the stacking gel, a Mini-PROTEAN® Comb, 10-well, 1 mm (BIO-RAD) was
inserted and the gel set for another 30 minutes. Before loading the comb was removed. In
contrast, for KDM5B 4-20% Mini-PROTEAN® TGX™ precast polyacrylamide gels with 10
wells (BIO-RAD) were used because KDM5B is a big protein with the size of 180 kDa.
Proteins on both self-made and pre-casted gelds were separated in 1X gel electrophoresis
buffer in the Mini-PROTEAN® Tetra System (BIO-RAD) at 140-180 Volt for 40-60 minutes,
using the PowerPac™ Basic (BIO-RAD). Per sample 15-25 ulL was loaded and 8 pL of the

ladder (Thermo Scientific Spectra Multicolor Broad Range Protein Ladder, Appendix 4).

2.13.2 Protein transfer and blocking
The proteins were transferred from the gel onto a polyvinylidene difluoride (PVDF)
membrane (Immobilon-P Membrane, 0.45 um, Merck) via semi-dry blotting. The blotting

sandwich was constructed with the following from the bottom to the top: four Whatman®

83



Chapter 2: Material and methods

papers, membrane, gel, four Whatman® papers. Before the construction of the sandwich,
the PVDF membrane was activated in 100% methanol for 10 seconds and the Whatman®
papers, gel and membrane were incubated in Blotting buffer for 10 minutes. Potential air
bubbles were removed with a roller and the blotting sandwich was placed in the cassette
of the Trans-Blot® Turbo™ Transfer System (BIO-RAD). The transfer was performed for 10-
30 minutes at 25 Volt. The length of the transfer depended on the size of the protein and
the thickness of the gel; for example transferring KDM5B (180 kDa) from a pre-casted gel
onto the membrane required 30 minutes at 25 Volt, whereas the house keeping protein §-
actin (42 kDa) was transferred after 10 minutes. For self-made gels the transfer was
generally conducted for 30 minutes for proteins sized between 30-120 kDa. After the
transfer, the membrane was blocked to reduce the background. The membrane was
blocked in the same solution the primary antibody was diluted in (Table 2.4). Blocking was

performed for 1 hour at room temperature on a rocker.

2.13.3 Antibody incubation
After blocking, the membrane was incubated with primary antibody at 4°C overnight on a
rocker. Details to the antibody concentration and what the primary antibody was diluted

in are given in Table 2.4.

Table 2.4: Primary antibodies used for western blots.
The size of the protein the antibody is targeting was given. The clonality, host, antibody dilution,
catalog number and company were stated.

Target Target Clonality | Host Dilution Diluted | Catalogno | Company
size in

GAPDH | ~36 kDa Mono Mouse | 1:5,000 5% BSA | ab9484 Abcam

B-actin | ~42 kDa Mono Mouse | 1:10,000 | 5% BSA | MA515739 | Invitrogen

KDM1A | ~120kDa | Mono Mouse | 1:1,000 3% Milk | NB10O- Novus

1762 Biologicals

KDM5B | ~180 kDa Polyc Rabbit | 1:1,000 5% BSA | 3273 Cell
signalling

KDM7A | ~106 kDa Polyc Rabbit | 1:1,000 3% Milk | STJ110565 St. John’s
lab

The next day, the primary antibody was removed and the membrane washed three times
in 1X TBST on room temperature on a rocker. Then the membrane was incubated with the
horse radish peroxidase (HRP) conjugated secondary antibody at room temperature for 1
hour. Depending on the host of the primary antibody, Goat Anti-Mouse IgG (ab97023,
Abcam) or Goat Anti-Rabbit 1gG (ab6721, Abcam) was used. The secondary antibody was

diluted in the same solution as the primary antibody and the dilution of the secondary
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antibody depended on the protein target: 1:50,000 for GAPDH and B-actin; 1:10,000 for
KDM1A and KDM7A; 1:5,000 for KDM5B. After 1 hour of incubation, the secondary
antibody was removed and the membrane washed again three times in 1X TBST at room
temperature on a rocker. Then the membrane was incubated with 1 mL (500 uL of solution
A plus 500 pL of solution B) Amersham™ ECL™ Prime Western Blotting Detection Reagent
(GE Healthcare) for 3-5 minutes. The signal was detected using the ChemiDoc™ MP

Imaging System (BIO-RAD) and the signal intensity quantified with ImageJ.

2.13.4 Buffers used in western blot analysis

5X Laemmli loading buffer Blotting buffer
250 mM Tris HCl pH 6.8 10% 100% Methanol
10% SDS 10% 10x Electrophoresis buffer
30% Glycerol 80% ddH20
5% B-Mercaptoethanol
0.02% Bromophenol Blue 10X TBST
200 mM Tris
10X Electrophoresis buffer 1.5 M NacCl
1.92 M Glycin pH 7.5 (HCI)
0.25 M Tris
1X TBST
1X Electrophorese buffer 10% 10x TBST
10% 10x Elektrophoresis buffer 0.1 % Tween®20
1% 10x SDS 90% ddH20
89% ddH20

2.14 Yeast Two-hybrid assay

2.14.1 Vectors and constructs

To test direct interaction between KMD7A and nuclear receptors, a yeast-2-hybrid (Y2H)
assay was performed in the School of Pharmacy, University of Nottingham. Yeast cells were
co-transfected with two vectors harbouring the following (Figure 2.5): (i) Vector
pBTM116mod containing the DNA - binding domain (DBD) employed by the bacterial
repressor protein LexA. (ii) Vector pASV3mod containing the activation domain (AD) that
derived from the herpes virus protein VP16. These transcriptional activator domains can
only be active when non-covalently joined via protein-protein interactions. If the two
proteins interact, transcription of the reporter gene (LacZ) containing a DBD site will be

enhanced.
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Vp16
AD
KDM7A
LexA Transcriptional activation
DBD |
DBD site LacZ

4

Figure 2.5: Schematic overview of the Yeast 2-hybrid (Y2H) assay.

KDM7A was fused to a DNA-binding domain (called bait) and the AR was fused to an activation
domain (called prey). In the case of interaction, the activation domain was recruited and activated
the transcription of the reporter gene LacZ encoding the enzyme beta-galactosidase.

Jonathan Whitchurch, a PhD student at the School of Pharmacy, constructed the plasmids
containing VP16-AR, LexA-KDM7A and LexA-SRC1 NID (Steroid Receptor Coactivator 1
Nuclear Interaction Domain; positive control) by cloning. For KDM7A, the pcDNA3.1-
KDM7A-FLAG-Myc-His plasmid was used as a PCR template. The locations of the primers
designed for KDM7A amplification are depicted in Figure 2.6. The amplification of most of
the desired fragments failed due to GC-rich regions, however, KDM7A AA 401-606 and AA
565-606 were successfully cloned into the pBTM116mod vector backbone by Jonathan
Whitchurch. Construct 401-606 contains both the LLETL and LRLLL nuclear receptor

sequence motif, whereas construct 565-606 harbours the LRLLL motif only (Figure 2.6).

AA 48 AA 221 AA 401 AA 565
= => = =>
LLI%TL LRLLL

PHD | Jmic |

39 86 [ 260 369l | I
AA 0 200 400 600 800 941

<= <=
AA 606 AA 941

Figure 2.6: Schematic of primer locations.

The primers (shown as arrows, coloured) were used to amplify different fragments of the KDM7A
protein (Jonathan Whitchurch). The boundaries of the forward and reverse primers are given in AA.
The primers enclose different domains and motifs. Two nuclear receptor binding motifs, LLETL and
LRLLL, were found in the AA sequence of KDM7A. PHD = plant homeodomain; JmjC = jumonji C-
terminal; AA = amino acid.
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2.14.2 Transformation of yeast cells

Yeast cells (strain L40) were grown by inoculating 25 mL volume of Yeast extract peptone
dextrose (YPD) medium in a 50 mL Falcon tube and incubating at 30°C overnight on a
shaker. The next day, the ODego (0ptical density) was measured and diluted down to an
ODeoo of approximately 0.5-0.6. Yeast cells were incubated for another hour at 30°C until
the exponential growth phase was reached (ideally ODgoo of 0.8). Then the cells were
pelleted by centrifugation at 3,000 x g for 5 minutes at room temperature and the
supernatant was discarded. The pellet was resuspended in 10 mL sterile diH,O0 and again
centrifuged at 3,000 x g for 5 minutes at room temperature. The supernatant was
discarded and the pellet resuspended in 250 pL 100 mM LiAc (Lithium-Acetate) to
permeabilise the yeast cell wall. An incubation at 30°C for 15 minutes on a rocker followed.
In the meanwhile Herring sperm was boiled for 10 minutes for DNA denaturation. Herring
sperm was needed because yeast cells harbour nucleases and adding Herring sperm as a
DNA carrier decreases the likelihood of the plasmid of interest being degraded. Herring
sperm therefore increases transformation efficiency. After the 15 minutes incubation, the
transformation mix was pipetted in a 1.5 mL microcentrifuge tube, containing 120 uL 50%
PEG (w/v) (Polyethylene glycol), 18 uL 1 M LiAc, 25 uL Herring sperm (2 mg/mL stock
solution), 100 L sterile diH,0 and 500 ng of each plasmid (for example 500 ng of VP16-AR
and 500 ng of LexA-SRC1). A negative control was prepared without adding plasmid DNA.
The tube with the transformation mix was vortexed. Next, 25 pL of vortexed yeast
suspension was added to each tube. The yeast/plasmid/transformation mix was vortexed
and incubated at 30°C for 30 minutes whilst shaking. Then the cells were heat shocked at

42°C for 20 minutes.

2.14.3 Selection of yeast cells

After transformation, 100 pL was plated on to yeast selective agar plates and the plates
incubated at 30°C for 3 days. The yeast selective agar plates were made with yeast selective
medium (YSM) medium (400 mL YSM contained 1.67 Yeast nutrition broth, 0.8 g Glucose
and 0.256 g Amino acid drop-out mix) which lacks Leucine (selective for yeast cells
containing the pASV3 vector) and Tryptophan (selective for yeast cells containing the
pBTM116 vector). After three days, 3 colonies per sample were picked and plated on to
YSM agar plates. The plates were incubated at 30°C for another 3 days. Next, the yeast
cells, which had grown from a single colony, needed to be grown overnight for the Y2H-

assay. To do so, 2X 50 mL Falcon tubes were prepared per sample with one tube containing
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30 mL YSM and the other tube being empty. The 30 mL YSM were inoculated with a loop
full of yeast and vortexed. Then 15 mL of that were decanted into the empty tube.
Mibolerone (synthetic androgen dissolved in 100% Ethanol; 10 mM Stock solution) was
added to a final concentration of 1 uM to one of the tubes, and 1.5 pL 100% Ethanol was
added as vehicle to the other tube. The tubes were covered in foil to protect from light and

incubated on a shaker at 30°C overnight.

2.14.4 Protein extraction from yeast cells

The next day, proteins were extracted by centrifuging down the cells at 4,000 x g for 5
minutes at 4°C. The supernatant was discarded, the pellet resuspended in 1 mL sterile
diH,0 and transferred to 2 mL microcentrifuge tubes. A brief centrifugation for 15 seconds
followed. The supernatant was removed and the pellet was resuspended in 150 uL Z-buffer
(60 mM Na;HPO,.7H,0, 40 mM NaH;P04.H,0, 10 mM KCl, 1 mM MgS04.7H,0 and 50 mM
B-mercaptoethanol (added freshly), pH 7.0, stored at 4°C). To lyse the cells, a single scoop
of glass beads was added to each sample and lysis was performed in a disruptor using a
cycle of 1 minute disrupting, and 1 minute on ice, repeated three times. The 1 minute on
ice was necessary because the samples heated up during disruption. The samples were
then centrifuged at 14,000 x g for 30 minutes at 4°C. After that, the supernatant containing
the extracted proteins was transferred to a 500 pL Eppendorf tube. The protein
concentration was measured using the Bradford assay which is a colorimetric assay based
on the dye Coomassie Brilliant Blue G-250 (Bradford, 1976). When proteins bind to
Coomassie Blue under acidic conditions, the colour changes from brown to blue which is
measured spectroscopically. A standard curve was made with the following BSA (bovine
serum albumin) concentrations in diH>O to a final volume of 800 uL: 0 mg/mL, 2 mg/mL, 4
mg/mL, 6 mg/mL, 8 mg/mL, 10 mg/mL. For the protein extracts of the yeast, 2 puL was
added to 800 pl diH,0. To the 800 uL standard curve dilutions 2 plL Z-buffer was added. In
the end, 200 uL Bradford reagent (Sigma-Aldrich®) was added per sample and the

absorbance of the samples measured in cuvettes at 595nm in a spectrophotometer.

2.14.5 Beta (B)-Galactosidase assay

For the B-Galactosidase assay, 480 pul of Z-buffer was transferred to a cuvette and 20 ul of
protein extract was added. The samples were briefly vortexed to ensure even distribution
of the proteins. To begin the B-galactosidase reaction, 100 ul of 4 mg/ml o-nitrophenyl-

beta-D-galactopyranoside (ONPG; freshly dissolved in Z-buffer and kept on ice; stock
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powder stored at -20°C) was added to each cuvette at a time interval of 30 seconds whilst
recording the time of ONPG addition. ONPG is an analog of lactose in which glucose has
been replaced by orthonitrophenyl. Upon hydrolysis by B-galactosidase, ONPG is cleaved
into galactose and o-nitrophenol which is yellow in colour. Each reaction was allowed to
proceed until a pale yellow colour began to appear, upon which time 250 pl of 1 M Na,COs
(sodium carbonate) was added to the relevant cuvette to stop the reaction. The time of
addition was noted down. Any sample which had not produced a colour change after 30
minutes was complemented with sodium carbonate regardless. The absorbance of o-
nitrophenol in each sample was measured at 420nm in a spectrophotometer. The activity

of the B-galactosidase was calculated with the following formula:

OD420 * 0.850 mL

B-galactose activity (nmoles) =
0.0045 * protein conc (mg/mL) *20 pL * time (min)

In this formula, factor 0.0045 is the optical density of a 1 nmole/mL o-nitrophenol solution,
i.e. OD4s0/0.0045 are the nmoles formed per mL. 0.850 mL is the volume of the whole
reaction. The protein concentration was obtained by Bradford assay and expressed as
mg/mL. 20 pL is the volume of the protein extract assayed. The time between adding ONPG

and stopping the reaction with sodium carbonate was given in minutes.

2.14.6 WB analysis with yeast cell proteins

To control if both the VP16 and the LexA constructs were present in the yeast cells, we
performed western blot analysis with the protein extracts used in the B-galactosidase
assay. Protein separation was performed with self-made 12% polyacrylamide gels. The

recipes of the resolving and stacking gel were as followed:

Resolving gel components Volume
30% acrylamide and bis-acrylamide solution, 29:1 (BIO-RAD) 8 mL
ddH,0 6.6 mL
1.5 M Tris HCL, pH 8.8 5mL
10 % SDS 200 pl
TEMED (added shortly before casting) 8 uL
10% APS (added shortly before casting) 200 pL
Total volume ~20mL
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Stacking gel components Volume
30% acrylamide and bis-acrylamide solution, 29:1 (BIO-RAD) 1mL
ddH;0 4.1 mL
1 M Tris HCL, pH 6.8 750 ul
10 % SDS 60 ul
TEMED (added shortly before casting) 6 uL
10% APS (added shortly before casting) 60 uL
Total volume ~6mL

For polyacrylamide gel electrophoresis (PAGE) 10 ug sample and 3 uL ladder (Color Protein
Standard Broad Range, Appendix 3) was loaded and ran at 200 Volt for ~1 hour and 10 min.
Blotting was performed overnight at 4°C in a fully wet tank at 30 Volt. The next day, the
membrane was blocked with 5% Milk in 1X PBS for 1 hour. The primary antibodies used
were Anti-LexA (#06-716, Merck; Rabbit polyclonal 1gG, 1:500 in 5% Milk in PBS) and Anti-
VP16 (# sc-7546, Santa Cruz Biotechnology; Mouse monoclonal 1gG, 1:500 in 5% Milk in
PBS). The membrane was incubated with the primary antibody at 4°C overnight. The next
day, the membrane was washed with 1XPBST (1% Tween®20) three times for 5 minutes at
room temperature on a shaker. Then the membrane was incubated with the secondary
antibody for 1 hour at room temperature. The secondary antibodies used were Chicken
anti-mouse IgG HRP (#sc-2954, Santa Cruz Biotechnology; 1:5000in 5% in 1X PBS) and Goat
anti-rabbit 1gG HRP (#sc-2004, Santa Cruz Biotechnology; 1:5000 in 5% in 1X PBS). Next,
the membrane was washed again with 1XPBST (1% Tween®20) three times for 5 minutes
and then incubated with 1 mL (500 uL of solution A plus 500 uL of solution B) Pierce™ ECL
Western Blotting Substrate (Thermo Fisher Scientific™). The signal was detected using the

Las-4000 Luminescent Image Analyzer, UK.

2.15 Statistical analysis

P-values lower than 0.05 were considered statistically significant with a confidence interval

of 95%.

2.15.1 Clinical correlations of TMA

Statistical p-values were determined by y*test (asymptotic significance, 2-sided) using
IBM® SPSS® Statistics, Version 24 and the VassarStats Website for Statistical Computation
(ORichard Lowry). Statistical significances of Kaplan-Meier estimates were calculated using
the log-rank (Mantel-Cox) test. Scoring reliability between two independent scorers was
analysed by both Cronbach’s alpha in SPSS and Spearman's rank-order correlation in

Microsoft Excel.
90



Chapter 2: Material and methods

2.15.2 Cell culture experiments

All experiments were performed on a minimum of two independent repeats analysed in
triplicates, unless stated differently. Statistical analysis was carried out using GraphPad
Prism 7. For multiple comparisons one-way ANOVA was used by comparing the mean of
each column with the mean of every other column. The one-way ANOVA was performed
with no matching or pairing and corrected by Bonferroni statistical hypothesis testing. For
comparison of two means, parametric t-test was carried out. If different cell lines were
compared to each other, unpaired t-test was used. For comparisons within the same cell
line paired t-test was performed. In general 2-fold difference in gene or protein expression

was considered biologically important.

2.16 RNASeq analysis

RNASeq analysis was performed in duplicates with the RNA of LNCaP and LNCaP:C4-2 cells
treated with the following pharmaco-selective inhibitors: (1) Androgen (R1881, 1 nM) and
DMSO treated control LNCaP cells, (2) androgen and CPI-455 (50 uM) treated LNCaP cells,
(3) androgen and Namoline (50 uM) + TC-E 5002 (50 uM ) (combined) treated LNCaP cells,
(4) androgen and DMSO treated control LNCaP:C4-2 cells, and (5) androgen and Namoline
(50 uM) + TC-E 5002 (50 uM ) (combined) treated LNCaP:C4-2 cells. RNASeq analysis was
performed by Nigel Mongan. Fastq files were quality processed (phred score >30 retained)
and adapters trimmed using the Trim Galore wrapper for FastQC and Cutadapt. The QC-
processed reads were aligned to the human Ensembl annotated reference genome
(GRCh38) using the STAR aligner using a gene annotation set including all mRNA and
IncRNAs. Differential gene expression were calculated using FeatureCounts (Liao et al.,
2013) and EdegR (Robinson et al., 2010) as described (Minton et al., 2016). Heatmaps were
created by Nigel Mongan using the Cluster 3.0 software and edited with the Java TreeView
software. For the heatmaps, the gene counts (+1, to avoid 0) were log2 transformed, mean
centred and average linkage clustering performed. The RNASeq was validated using gRT-
PCR analysis. Venn diagrams were created to compare differentially expressed genes
between cell lines. Pathway analysis was performed using the Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway database (https://www.genome.jp/kegg/pathway.html,

accessed 12.08.2019). For the Venn diagrams and the pathway analysis the RNASeq data

was filtered according to logFC >1 and >-1 respectively.
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Chapter 3 KDMS5B in androgen signalling

3.1 Introduction

To date, there are no curative treatment options for metastatic castration resistant
prostate cancer (CRPC) and PCa recurrence and drug resistance remains a big issue
(Chandrasekar et al., 2015, Semenas et al., 2012, Seruga et al., 2011, Yuan et al., 2014). It
is therefore important to find new drug targets and develop novel therapies. In recent
years, epigenetic co-regulators of the androgen receptor have gained more interest as
potential targets for PCa treatments (Biron and Bédard, 2016, Ferraldeschi et al., 2015,
Foley and Mitsiades, 2016, Heemers et al., 2010, Heemers and Tindall, 2005). One such
coregulator is the histone lysine demethylase KDM1A which has been extensively studied
and shown to be a potential target to treat PCa (Civenni et al., 2018, Magliulo et al., 2018,
Niwa and Umehara, 2017, Sehrawat et al., 2018, Yang et al., 2018).

A recent study by Nilsson and colleagues (2015) found that the tumour suppressor miR137
inhibits the expression of an essential network of AR coregulators, including KDM1A,
KDM2A, KDMA4A, KDM5B, KDM7A, MED1, and SUZ12, upon androgen, and that this
negative feedback mechanism by miR137 is lost in CRPC cell models (Nilsson et al., 2015).
This study reveals the potential that not only KDM1A, but also other co-regulators, such as
KDM5B, represent promising targets to treat PCa. KDM1A can demethylate only mono-
and di-methylated H3K4, whereas KDM5B is additionally able to demethylate tri-
methylated H3K4 (Scibetta et al., 2007, Shi et al., 2004). Methylated H3K4 is a known
histone mark for active transcription and dysregulated H3K4 methylation levels have been
implicated in PCa progression and development of CRPC (Black et al., 2012, Ellinger et al.,
2010, Seligson et al., 2005). Given that all methylation levels (H3K4me3/me2/mel) can be
modified by KDM5B, it represents an interesting potential target and it is therefore
important to understand its implications in PCa.

The hypothesis of this study is that KDM5B, like KDM1A, is required for AR signalling in PCa.
To test this hypothesis, the expression of KDM5B was determined in PCa specimens and
cell lines. KDM5B knockdown and inhibition experiments were performed to further
elucidate the function of KDM5B in AR-regulated gene expression and PCa cell
proliferation. These experiments aimed to give more insight into the role of KDM5B in AR

signalling in PCa.
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3.2 Results

3.2.1 Bioinformatic analysis of KDM5B

Bioinformatic analysis was performed using the cBioPortal for Cancer Genomics to
investigate KDM5B gene alterations in prostate cancer patients (Figure 3.1). Three studies
were used in the analysis: (1) The TCGA Provisional Prostate Adenocarcinoma study (n =
499), (2) the SU2C/PCF Dream Team Metastatic Prostate Adenocarcinoma study (n = 444)
and (3) the Trento/Cornell/Broad Neuroendocrine Prostate Cancer study (n = 114). The
analysis of the TCGA Provisional Prostate Adenocarcinoma study revealed that 29.7% of
prostate cancer patients harboured alterations in the KDM58 (Figure 3.1, A). A comparative
analysis was performed to determine which cancer type (Prostatic adenocarcinoma vs
Metastatic prostate adenocarcinoma vs Neuroendocrine carcinoma) harboured most
KDMJ5B alterations. Both mutations and putative copy number alterations from GISTIC
were included. The GISTIC software allows the detection of gene amplification and
deletions (Beroukhim et al., 2010, Mermel et al., 2011). This analysis revealed that the
KDM5B gene was altered most frequently in neuroendocrine prostate cancer (Figure 3.1,
B). In neuroendocrine carcinoma KDM5B was altered in 28.07%, including gene
amplifications in 33/114 cases (27.19%) and a mutation in 1/114 cases (0.88%). The second
highest alteration frequency was observed in metastatic prostate adenocarcinoma with
8.56% of which 35/444 cases (7.88%) exhibited KDM5B amplification and 3/444 cases
(0.68%) mutations (Figure 3.1, B). In the TCGA Provisional prostate adenocarcinoma study,
KDM5B was altered in only 0.4% (2/499 cases) (Figure 3.1, B). When the TCGA Provisional
prostate adenocarcinoma study was analysed individually and the mRNA Expression z-
Score (RNA Seq V2 RSEM) was included (z = 1), KDM5B was altered in ~29.7% (147/499
cases) of patients of which 16.8% patients had mRNA High (84/499 cases) and 12.4% mRNA
Low (62/499 cases) (Figure 3.1, C). None of the cases had any amplification, deep deletion

or multiple alterations and only 2 cases had a mutation (0.4%).
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Figure 3.1: KDM5B alteration frequencies in prostate cancer patients.

Bioinformatic analysis was performed using the cBioPortal for Cancer Genomics. (A) KDM5B was
altered in 29.7% of prostate cancer patients. (B) The KDM5B alteration frequency was higher in
metastatic adenocarcinoma (~8.6%) compared to primary adenocarcinoma (0.4%), and was highest
(~28%) in neuroendocrine carcinoma. (C) The TCGA Provisional Prostate Adenocarcinoma study
(mRNA expression z-score=1) revealed that the most frequent KDM5B alterations were mRNA high
(~16.8% of cases) or mRNA low (~12.4%).

In total, six patients within the three studies (1057 patients) harboured a KDM5B mutation
(Table 3.1), four of which had a missense mutation. The location of the mutations are
shown in Figure 3.2. Two patients, one with neuroendocrine prostate cancer and one with
metastatic adenocarcinoma, harbouered the same mutation (K158R, No. 4) which was
located in the ARID/BRIGHT domain which is responsible for DNA binding (Herrscher et al.,
1995). The other missense mutations (R1534H and D972G) were found in prostate
adenocarcinoma cases. The R1534H (No. 1) mutation is situated in the PHD3 finger domain
which is needed to bind H3K4 and was shown to preferably bind to trimethylated H3K4me3
(Klein et al., 2014). The D972G (No. 2) mutation lies in the putative DNA and chromatin
binding domain PLU-1. In metastatic adenocarcinoma cases there was a frame shift
deletion (S1119Afs*4) and a splice mutation (51028). The frame shift deletion (No. 3) is
located between the PLU-1 and PHD2 finger domain, whereas the splice mutation (No. 5)
is in the PLU-1 domain. All six patients harboured a high number of mutations, ranging from

~750-6500.
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Table 3.1: KDM5B mutations in prostate cancer patients.

The study, protein change, mutation type, copy number, allele frequency and number of mutations
in the sample were stated. The mutations were given a number from 1 - 5 which correspond to the
numbers in Figure 3.2.

. . Allele | # Mut
No. Study Protein Mutation Copy # | Freq in
Change Type M sample
1 Prostate Adenocarcinoma R1534H Missense | Diploid | 0.29 860
2 Prostate Adenocarcinoma D972G Missense | Diploid | 0.33 6525
3 Metastatic P Adenocarcinoma S1119Afs*4 FS del Diploid N/A 1150
4 Metastatic P Adenocarcinoma K158R Missense | Diploid | 0.05 950
5 Metastatic P Adenocarcinoma | X1028_splice Splice Diploid | 0.19 924
4 Neuroendocrine carcinoma K158R Missense | Diploid | 0.05 751
ARID/ Zf-
JmjN BRIGHT PHD1 JmjC C5HC2 PLU-1 PHD2 PHD3
HE ISR LN e I N U S S
0 200 400 600 800 1000 1200 1400 1544

b LxxLL motif
| Substrate binding site

' Iron binding site

Figure 3.2: Location of KDM5B mutations.

The KDM5B protein is 1544 amino acids long and contains several domains, including the JmjN, JmjC,
ARID/BRIGHT, PLU-1 and four zinc finger domains. The mutations were numbered from 1 — 5 and
correspond to the mutations in Table 3.1. Jmj = Jumoniji; ARID = AT-rich interaction domain; Zf = zinc
finger; PHD = plant homeodomain.

The TCGA Provisional Prostate Adenocarcinoma study was used to analyse putative copy
number alterations from GISTIC (Figure 3.3). The majority of cases (466/499) were diploid
for the KDM5B gene. The two patients with the missense mutation were within the diploid
cases. In 29 patients a low level copy number amplification (gain) was found and only four

patients exhibited a heterozygous deletion (shallow deletion).
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KDMS5B: Putative copy-number alterations from GISTIC

Figure 3.3: KDM5B copy number alterations in prostate cancer patients.

The  cBioPortal for Cancer Genomics was used for  bioinformatic  analysis
(https://www.chioportal.org/, accessed 12.06.2019). In most patients the KDM5B gene was not
altered. Four patients had a shallow deletion and 29 patients a copy number gain.

3.2.2 KDMBS5B staining in human tissue specimens

To validate the TMA patient database, clinical relevant parameters like Gleason score and
TNM (tumour, node, metastasis) stage were correlated with each other using the Statistical
Package for Social Sciences (SPSS) (Figure 3.4, Appendix4). As expected, high Gleason score
correlated with high TNM stage (T3, £ extraprostatic extension) (A), extraprostatic
extension (B), perineural invasion (C), biochemical recurrence (BCR) (D) and older patients
(E) (p £0.05) (Figure 3.4). Similarly, high TNM stage correlated with perineural invasion (F),
high pre-OP PSA (G) and BCR (H) (p < 0.05) (Figure 3.4). These results confirmed the validity

of the TMA patient database.
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Figure 3.4: Validation of clinical relevant data in the TMA patient database.

To validate the clinical patient database correlations were performed between clinical relevant
outcomes using SPSS (n = 104). High Gleason score correlated with TNM stage T3 (A), extraprostatic
extension (B), perineural invasion (C), biochemical recurrence (D) and age (E). TNM stage T3
correlated with perineural invasion (F), pre-OP PSA >10 (G) and biochemical recurrence (H). TNM =
tumour, node, metastasis; BCR = biochemical recurrence. Statistical analysis was performed by using
x2-test.
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To investigate KDMG5B expression in prostate cancer patients, a tissue microarray (TMA)
was constructed and the KDM5B protein expression examined by using
immunohistochemical (IHC) staining (Figure 3.5). Representative pictures of human
specimen with normal prostate tissue (A, B), tumour tissue (C, D) and less differentiated
tumour tissue (E, F) are shown when stained with KDM5B antibody (Figure 3.5). KDM5B
staining was quantified using H-score and 10% of the cores was scored by a second scorer
to ensure scoring reliability. To estimate scoring reliability, Spearman's rank-order
correlation and the Cronbach’s alpha test were performed in Excel and SPSS respectively.
The Spearman correlation coefficient (R?) was between ~0.7 - 0.8 for both nuclear and
cytoplasmic H-scores which is considered a “good” association between the two scorers (1
is considered “perfect”). The Cronbach’s alpha test revealed an even better reliability
between ~0.8 - 1. Both tests confirm the reliability of the H-scores. The distribution curve
for the evaluated H-scores across all patients can be found in Appendix 5. H-scores were
equally divided into three groups (low, medium, high) and revealed that KDM5B nuclear
staining was lower (p < 0.05) in tumour tissue compared to normal tissue (Figure 3.5, G).
Regarding cytoplasmic staining, there was no statistically significant difference in KDM5B

expression between normal and tumour tissue (Figure 3.5, H).
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Figure 3.5: Immunochistochemical staining of KDM5B in PCa specimens.

To evaluate expression of KDM5B protein immunohistochemistry was used in non-malignant (n =
43) and prostate cancer (n = 97) specimens. Representative KDM5B staining of normal tissue (A, B),
tumour tissue (C, D) and less differentiated tumour tissue (E, F) (Scale bars: 50 uM). (G) H-score
evaluation of KDM5B staining reveiled lower (p = 0.004) KDM5B nuclear staining in tumour
compared to normal specimens. (H) Cytoplasmic staining did not differ in normal and tumour
specimens. Nuclear H-score: low = 0-20, medium = 25-40, high = 45-155; Cytoplasmic H-score: low
= 25-50, medium = 55-75, high = 80-150; BCR = Biochemical recurrence. Statistical p-values were
determined by y?-test (VassarStats).
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To determine whether KDM5B expression in human prostate cancer tissue specimens
correlates with BCR, a Kaplan-Meier estimate was conducted via the GraphPad Prism 7
software (Figure 3.6). There was no difference in biochemical recurrence free status in
patients with low versus high KDM5B expression both in the nucleus (A) and cytoplasm (B)
(Figure 3.6,).

A Recurrence B Recurrence
Nuclear staining Cytoplasmic staining

100 100
S 1k — High KDM5B S T — High KDM5B
:EE sol U + Low KDM5B 5 50 + Low KDM5B
o Q
@ 25 @ 25

p = 0.702 - p = 0.322
0 25 50 75 100 125 150 0 25 50 75 100 125 150
Months Months

Figure 3.6: Correlation of KDMSB staining with biochemical recurrence.

KDM5B staining was correlated with BCR free time by using the Kaplan Meier estimate (n = 30). Both
KDM5B nuclear (A) and cytoplasmic (B) staining did not correlate with biochemical recurrence free
status in patients. BCR = Biochemical recurrence; Nuclear H-score, low = 0-30, high = 35-155;
cytoplasmic H-score, low = 30-50, high = 60-150. Statistical analysis was performed with log-rank
test.

To investigate if there is a relationship between KDM5B expression and other patient
parameters, KDM5B nuclear and cytoplasmic staining was correlated with clinical patient
data using SPSS (Appendix 6). KDM5B staining was not statistically significantly correlated
with age, Gleason score, high grade PIN, perineural invasion, pre-OP PSA and BCR
(Appendix 6). However, high KDM5B staining correlated (p < 0.05) with absence of

extraprostatic extension and a low TNM stage (T1, T2; £ no extraprostatic extension).
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Figure 3.7: Correlation of KDM5B staining with clinical patient data.

KDM5B staining intensities were determined by H-score and correlated with clinical data by SPSS
analysis (n =97). Low KDM5B nuclear staining correlated with extraprostatic extension (A) and TNM
stage T3 (B). TNM = tumour, node, metastasis; Nuclear H-score 3 groups, Low = 0-20, Medium = 25-
40, High = 45-155. Statistical significances were determined by x2-test.
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3.2.3 KDM5B is overexpressed in LNCaP cells compared to normal prostate cells

Basal expression levels of KDM5B were first investigated in non-malignant prostate PNT1A
cells and in the prostate cancer cell lines LNCaP, LNCaP:C4-2, 22Rv1, PC3 and Du145 (Figure
3.8). KDM5B expression was examined at both the mRNA and protein level using gRT-PCR
(Figure 3.8, A) and western blots respectively (Figure 3.8, B-C). LNCaP cells showed the
highest KDM5B expression with a 11-fold higher (p < 0.05) on the mRNA level and a 2.7-
fold (p < 0.05) higher protein level as compared to non-malignant prostate PNT1A cells. In
LNCaP:C42 cells KDM5B mRNA was 4.5-fold (p < 0.05) higher compared to PNT1A but
KDM5B protein was not differentially 