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Summary

Introduction: Bone metastasis is a key event responsible for the progression and
morbidity in prostate cancer patients. Interactions between prostate cancer cells and
the bone microenvironment facilitate survival of tumour cells and alter bone turnover,
a process that enhances growth of metastases in this site. This study aimed to test
the hypothesis that tumour derived TGFB signaling regulates the
differentiation/growth of osteoblastic lineage cells and promotes survival and growth
of prostate cancer cells in bone. Findings: In initial studies | showed that factors
produced by prostate cancer (PC3RFP) cells increased the proliferation and
suppressed the differentiation of osteoblastic cells (SaOS2 cells). | showed that
interactions between prostate cancer and osteoblastic cells affected the expression
of TGF-B superfamily genes in the latter. Noggin, a BMP antagonist was expressed
and secreted by PC3RFP cells but expressed at very low levels by SaOS2 when
these cells were grown alone. This pattern changed when SaOS2 cells were treated
with PC3RFP conditioned media, with strong induction of Noggin being
demonstrated. Silencing Noggin in PC3 cells removed the effects of conditioned
medium on the growth of SaOS2 cells, while media containing recombinant Noggin
stimulated growth. Together these studies identify Noggin as an important regulator
of osteoblast lineage cells that can be either directly secreted by tumour cells or
induced in the bone cells by factors derived from prostate cancer cells. The latter is
an important, novel finding of this study.

Xenograft experiments to test the role of Noggin on tumour colonization were
inconclusive however; immunohistochemistry showed that in tibiae of tumour bearing
mice, strong Noggin protein staining was found on the bone surface and in bone

lining cells in close proximity to tumour foci.

Conclusion: These studies suggest that tumour derived/induced Noggin may play a
role in suppression of osteoblast differentiation in prostate cancer bone metastases.
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1.1 General structure and function of bone

Bone is considered the major constituent of the skeleton. It is formed through two
different ossification processes: intramembranous and endochondral. The difference
between these two processes is that endochondral ossification is thought to be a
complex multi-step process that requires the presence of a cartilaginous blastema as
a template for axial and appendicular bone development (Prasanna Bukka et al.
2004). Intramembranous ossification gives rise to flat bones of the skull and parts of
clavicle bones directly from mesenchymal cells, which then condense, and
differentiate into osteoblasts. However, long bones are formed as a result of
combined action between the two processes endochondral and membranous
ossification (Taichman 2005)

Bones of adult human skeleton are composed of 80% cortical bone and 20%
trabecular bone. This ratio varies according to different bones and skeletal sites
within the bone itself (Eriksen et al. 1994). Cortical bone surrounds the marrow space
and is characterized by a dense and solid appearance, a structure that generally
gives mechanical strength, while trabecular bone is composed of a honeycomb like
network of trabecular plates and rods scattered in the bone marrow compartment and
is associated with higher metabolic capabilities (Eriksen et al. 1994).

Human skeleton aids different functions including providing a structural support and
permiting body movement. It also protects the vital internal organs of the body. It
plays an important role in maintaining mineral homeostasis and acid base balance. In
addition it acts as a reservoir of several growth factors and cytokines and furthermore
provides the environment for hematopoiesis in the marrow cavity (Taichman 2005).

1.1.1 Bone cells

Bone is composed from four types of cells: osteoblasts, osteocytes, bone-lining cells
and osteoclasts (Marks and Popoff 1988). These cells may be classified according to
their relationship to cells from which they originate: mesenchymal stem cells are the
progenitors of osteoblasts, osteocytes and bone lining cells while, osteoclasts
originate from hemopoietic cells. Another classification has been developed based on
their function to bone forming (osteoblasts) and bone resorption (osteoclasts) cells.
Osteoblasts, osteoclasts and osteocytes are located along the surface of the bone,
whereas osteocytes are located in the interior of the bone ( Marks and Odgren 1996;
Ducy et al. 2000).
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1.1.2 Osteoblasts

Active mature osteoblasts that are capable of synthesizing bone matrix are oval in
shape with large nuclei located within the center of the cells. These cells contain
large amounts of rough endoplasmic reticula (RER) and enlarged Golgi structure, as
well as mitochondria, microtubules, lysosomes, glycogen and lipids. These cells
secrete type | collagen and other matrix proteins. Osteoblasts cells are responsible
for the production of the organic matrix of the bone that is composed from proteins
and polysaccharides (Holtrop 1990). In addition, osteoblasts play a roll in the
activation of osteoclasts through the release of certain mediators under the influence
of parathyroid hormone and local cytokines. There are several mediators that
regulate the differentiation and functions of osteoblasts including Bone
morphogenetic protein BMP and wingless (Wnt) signaling pathways (Cao and Chen
2005; Day et al. 2005). BMP signaling controls the expression of Runt-related
transcription factor 2 (RUNX2) which is essential for osteoblast differentiation via
recruitment and activation of heterodimer Smad proteins (Ducy et al. 1997).
Osteoblasts undergo one of three pathways: they either remain as active osteoblasts
or become surrounded by matrix as osteocytes or they become inactive and form the
bone-lining cells (Marks and Popoff 1988; Marks and Odgren 1996, Ducy et al.
2000).

1.1.3 Bone lining cells

In the mature skeleton, the bone surfaces are covered with thin, elongated cells
called bone-lining cells. They are linked to each other or to osteocytes by cytoplasmic
extensions or gap junctions. Since these cells are considered to be metabolically
inactive they have fewer organelles and less cytoplasm than osteoblasts (Marks and
Popoff 1988; Marks and Odgren 1996). These cells may regulate influx and efflux of
mineral ions into and out of the bone extracellular fluid and thus function as a blood —
bone barrier (Dobnig and Turner 1995). It is also suggested that bone-lining cells
secrete enzymes that remove the surface of the bone in preparation for the removal
of bone by osteoclasts cells. However, in the presence of parathyroid hormone they
may differentiate into osteoblasts (Marks and Popoff 1988; Marks and Odgren 1996).

1.1.4 Osteocytes
In the adult skeleton, about 90% of bone cells are thought to be osteocytes. Initially,
as they begin to be surrounded by bone matrix they are considered to be immature

osteocytes and resemble osteoblasts in their structure with large amount of RER,
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Golgi apparatus and mitochondria. As more bone matrix is accumulated over these
cells, they move deeper into the bone tissue become more mature. Eventually they
appear to lose cytoplasm around the nucleus, which appears more prominent (Marks
and Popoff 1988; Holtrop 1990; Marks and POdgren 1996). Osteocytes lack the
expression of alkaline phosphatase but express osteocalcin together with other
matrix proteins important in supporting intercellular adhesion and regulate mineral

exchange between bone fluids and the vascular supply (Plotkin et al. 2002).

1.1.5 Osteoclasts

Osteoclasts are much larger than other bone cells and are characterized by their
multiple nuclei that can be seen as 3 to 20 oval dense shapes located at the center of
the cell. Osteoclasts are located on the bone surface and are highly motile. They
contain less RER compared to osteoblasts and large numbers of mitochondria. Their
main function is bone resorption (Holtrop 1990; Sandberg 1991), which they achieve
by close adherence to bone surfaces and the creation of a closed space between cell
and matrix for the concentrated secretion of bone resorbing proteases and other
factors.

1.1.6 Bone modeling and Remodeling

Bone modeling may be defined as the process that bone undergoes in order to
change overall shape in response to either physiological or mechanical factors. This
process occurs from birth to adulthood and results in an increase in skeletal mass.
Bone formation and bone resorption are not usually coupled during this process
which is less frequent in adult (Kobayashi et al. 2003). However, bone modeling may
increase as results of some diseases such as hypoparathyroidism and renal
osteodystrophy or as a result of treatment with certain anabolic agents (Ubara et al.
2003, Ubara et al. 2005; Lindsay et al. 2006).

Bone remodeling is the process by which the integrity of the skeleton and mineral
homeostasis is maintained in equilibrium. This is achieved by continues removal of
discrete packets of old bone by osteoclasts and replacing them with newly
synthesized bone by osteoblasts thus preventing the accumulation of damaged bone.
This process begins before birth and continues until death. This cycle is composed of
four consequent phases: activation, resorption, reversal and formation Figure 1.1
(Burr 2002; Parfitt 2002). Activation phase starts by recruitment of mononuclear
monocyte-macrophage osteoclast precursors via the action of colony stimulating

factor 1 (CSF-1) and its activation through the release of receptor activator of NF-.B
3
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ligand (RANKL) and sRANKL from osteoblast and osteoblast precursors and its
direct binding to membrane bound RANK molecules on osteoclast precursors
(Roodman 1999; Boyle et al. 2003; Blair and Athanasou 2004). The activation of
osteoclasts is regulated by another molecule produced from osteoblasts
osteoprotegerin (OPG), which act as a decoy receptor preventing the binding of
RANKL and sRANKL to RANK molecules on osteoclast precursor thus the ratio
between RANKL and OPG controls the activation of osteoclasts (Eriksen 1986;
Reddy 2004). There are other factors that regulate osteoclast formation, activation
and resorption such as Interleucin-1 (IL-1), Interleucin-6 (IL-6), parathyroid hormone,
1,25-dihydroxyvitamin D and calcitonin (Boyle et al. 2003; Blair and Athanasou
2004). In the resorption phase, osteoclasts mobilize bone mineral by lowering its pH
by secreting hydrogen ions via H*-ATPase proton pump and chloride channels in
their cell membranes into the resorbing compartment. Osteoclasts also digest the
organic matrix of the bone by secreting tartrate-resistant acid phosphatase, cathepsin
K, matrix metalloproteinase 9 and gelatinase from their cytoplasmic lysosomes. At
the end of this phase osteoclasts undergo apoptosis (Silver et al. 1988; Delaissé et
al. 2003). Reversal phase is considered to be transitional phase between bone
resorption and formation. After the completion of bone resorption, resorption cavities
have several types of mononuclear cells including monocytes, osteocytes that are
released form bone matrix and preosteoclasts preparing to begin bone formation.
There are several proposed coupling signals that link the end of bone resorption with
the beginning of bone formation, such as bone matrix derived factors, including
transforming growth factor B (TGF-B), Insulin-like growth factor 1 (IGF-1), Insulin-like
growth factor 2 (IGF-2), BMP, platelet derived growth factor (PDGF), or fibroblast
growth factor (Hock et al. 1988; Bonewald and Mundy 1990; Locklin ef al. 1999). In
addition to these factors ephrin B (EphB) receptors and their ligands have been
implicated in coupling signaling through bidirectional activating signaling: enhancing
osteoblast differentiation and inhibiting osteoclast function (Matsuo 2010). The
results of this bidirectional signaling results in switching off bone resorption and
activating bone formation (Martin et al. 2010). Once bone formation starts it, takes
around 4 to 6 months to be completed. Osteoblasts start synthesizing new
collagenous organic matrix and release small membrane-bound matrix vesicles that
help in concentrating calcium and phosphate in order to regulate matrix
mineralization. Mineralization is also inhibited enzymatically by the actions of

pyrophosphate or proteoglycans (Anderson 2003). By the end of bone formation

4



The activity of the TGF beta superfamily in prostate cancer and the formation of bone metastases

about 50 to 70% of osteoblasts undergo apoptosis, with the balance becoming
osteocytes or bone lining cells (Dobnig and Turner 1995). Each bone remodeling
cycle results in the production of a new osteon (Parfitt 1994). The principal
recognizable function of bone remodeling is the preservation of bone mechanical
strength by replacing old damaged bone with newer healthier bone and to maintain
calcium and phosphate homeostasis (Clarke 2008).

Bone remodeling is controlled by either systemic mechanisms or by mechanical
regulation. Systemic regulation is achieved by the action of four main hormones
calcitonin, parathyroid hormone, vitamin D3 and oestrogen (Zaidi et al. 2002).
Mechanical force plays an important role in bone remolding by influencing bone
metabolism (Jacobs et al. 2010). Animal studies showed that different bone cells
such as osteocytes and osteoblasts are able to sense and respond to mechanical
forces (Bonewald and Johnson 2008).



The activity of the TGF beta superfamily in prostate cancer and the formation of bone metastases

Osteoblast
progenitor
Chemotaxis

Proliferation
Differentiation

oleo/le|/le|®] CO O OO (&

=3¢

d- Bone formation a- Microdamge or
mechanical stress

g mm

Osteoclast

rogenitor
Recruitment prog

Apoptotic Proliferation
osteoclast Differentiation

% Activa
=Fesx? Sytsg S

c- Reversal b- Osteoclast bone
resorption

Figure 1.1 The bone remodeling cycle.

This Figure illustrate the four phases of bone remodeling cycle (a) Micro-damage or mechanical stress
(b) This induce the recruitment, differentiation and activation of osteoclasts cell in order to resorb the
damaged bone (c) osteoclast die by apoptosis (d) osteoblast migrate to the area of resorbed bone and

replace it with un-mineralized osteoid witch then become mineralized. Adapted from (Crockett et al.
2011).

1.2 Epidemiology of prostate cancer

Prostate cancer is the second most common cancer in men. According to the World
Health Organization (WHO) an estimated 1.1 million men worldwide were diagnosed
with prostate cancer in 2012, accounting for 15% of the cancers being diagnosed
(International Agency for Research on Cancer 2015). In the United Kingdom UK,
prostate cancer accounts for approximately (25%) of the cancer burden in men. The
incidence trends over the last decade in the UK vary according to the different types

of cancer being increased in prostate cancer Figure 1.2 (Cancer Research UK 2011).
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Figure 1.2 Prostate Cancer Incidence

(A) Represent the most Common Cancers in Males, Percentages of All Cancer Cases (C00-C97 excl.
C44), UK, 2011. (B) Represent the 20 Most Common Cancers, Percentage Change in European Age-
Standardized Three Year Average Incidence Rates, Males, UK, 2000-2002 and 2009-2011 (Cancer
Research UK 2011).

Most patients who die from cancer, do so because of the spread of tumour cells to
other sites away from the primary tumour (Wingo et al. 1995). About 90% of patients
with advanced prostate cancer develop bone metastases (Larson et al. 2014).

1.2.1 Prostate cancer and Bone metastases

Advanced prostate cancer is most frequently associated with the development of
bone metastasis (Keller and Brown 2004). Once the tumour reaches the bone it
becomes incurable with current treatments (Coleman 2001). Bone metastasis is
associated with several complications such as bone pain, impaired mobility, bone
fracture, compression of the spinal cord and symptomatic hypercalcemia (Coleman
1997; Moul and Lipo 1999; Keller and Brown 2004). There are a number of factors
that govern the special affinity that prostate cancer cells have to attach and survive
in bone rather than other sites. These include vascular conditions such as elevated
blood flow in the red marrow (Kahn et al. 1994) as well as the production of
adhesion molecules by the tumour cells that allow them to bind to the bone marrow

cells. The presence of the tumour results in an increase in the production of
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angiogenic and bone resorbing factors that subsequently lead to the enhancement
of the tumour growth in bone (Van Der Pluijm et al. 2001). Bone is also a repository
for immobilized growth factors such as transforming growth factor beta (TGF[),
Insulin like growth factor | and Il (IGF |, IGF Il), fibroblast growth factor (FGF),
platelet-drived growth factor (PDGF), bone morphogenetic proteins (BMP) and
calcium (Hauschka et al. 1986; Logothetis and Lin 2005). These factors are known
to stimulate osteoblast function (bone formation) and proliferation (Logothetis and
Lin 2005).

Prostate cancer is frequently associated with osteoblastic bone metastases
(Charhon et al. 1983; Boyde et al. 1986). However, it seems that where prostate
cancer bone metastases are present, while these lesions are predominantly
osteoblastic, but there is some evidence that metastatic prostate cancer is also
osteolytic, since the processes of bone resorption and bone formation are linked
together (Charhon et al. 1983; Jung et al. 2004).

1.3 The transforming growth factor beta (TGF-) superfamily and its signaling
pathway

TGF-B family is a large group of structurally related ligands or cytokines that have an
important role in regulating a variety of cellular processes, such as cell cycle
progression, cell differentiation, motility, adhesion, bone morphogenesis, immune
response as well as development in multi- organ systems. More than 30 factors have
been discovered recently that belong to this superfamily (Chang et al. 2002; Derynck
and Akhurst 2007).

The members of this superfamily can be divided into two subfamilies:
1-  The first subfamily consists of TGF-3, activin, inhibin, Nodal, lefty and myostatin.

2- The second subfamily includes Bone morphogenetic protein (BMP), anti-
mullerian hormone (AMH or MIS) as well as other growth and differentiation factors
(GDFs) (Derynck and Akhurst 2007; Massagué 2008).

The TGF-B members are secreted as biologically inactive forms (Gentry et al. 1988).
Usually, the activity of the mature domain of the TGF- ligand is veiled by the
propeptide, Latency associated peptide (LAP) which is cleaved from the mature
domain by a furin-like endoprotenase during secretion but remains associated with
the mature domain by means of noncovalent interaction (Dubois et al. 1995). There

8
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are several other mechanisms involved in the activation of the TGF-B superfamily
including activation mediated by the extracellular matrix protein thrombospondin 1
(TSP-1) (Schultz-Cherry et al. 1994; Schultz-Cherry et al. 1994), integrin o,Bs
(Munger et al. 1999) and proteolysis (Schultz-Cherry et al. 1994; Munger et al. 1999).

1.3.1 TGF-@ structure

The general structure of the monomeric TGF- ligand which involves two pairs of
antiparallel B-strands forming a flattened surface, projecting away from a long a-helix
(Schlunegger and Grutter 1992).

My Finger 4
/, N > Finger 3
’> Finger 2

Finger 1

¥
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Nrist helix &3
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Figure 1.3 TGF-§ structure.

The TGF- monomeric structure involves a cysteine knot motif with two pairs of antiparallel B-strands
(fingers) that extend from an a-helix. The B-strands are curved to form both a concave and convex
surface for the interaction with the receptor. This picture is produced from (Lin et al. 2006).

A “cysteine knot” motif is formed at the core by one of the disulfide bonds that travel
across a ring, which is formed, by two other disulfide bonds. This monomer has been
described as a four-digit hand, each B-strand being compared to a finger. Finger 1
and 2 are antiparallel with finger 2 leading to a general helix ‘wrist’ at the N terminus,
while finger 3 and 4 being antiparallel at the C terminus Figure 1.3 (Schlunegger and
Grutter 1992; Lin et al. 20006).
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There are three isoforms from the TGF-B: TGFB1, TGFB2 and TGFB3 (Kingsley
1994). The TGF-B is synthesized as inactive precursors that require activation before
they can binds to their receptors (Li and Flavell 2008). The active form of the TGF-
is a dimer which is stabilized by hydrophobic interactions, further strengthened inter-
subunit disulfide bridge (Lin et al. 2006).

1.3.2 TGF-B function

Studies showed that mice that are mutant in some isoforms of the TGF-B show
certain defects. For example more than 50% of mice lacking TGF-B1 die during
embryogenesis from yolk sac defect while those that survive develop inflammatory
disorders and die within a month (Shull et al. 1992; Kulkarni et al. 1993; Dickson et
al. 1995).

On the other hand, TGF-B2 knockout mice are associated with various craniofacial,
heart and renal defects. In addition this knockout is also associated with retinal
hyperplasia, axial and appendicular skeletal abnormalities (Sanford et al. 1997). Both
TGF-B2 and TGFB3 knockout mice are involved with perinatal mortality (Kaartinen et
al. 1995; Proetzel et al. 1995). Studies involving TGF-3 knockout mice
demonstrated that these mice have delayed lung development and platelet defect
(Kaartinen et al. 1995; Proetzel et al. 1995).

1.3.3 Bone Morphogenetic proteins (BMP) structure

BMPs are another subfamily that are considered the largest branch of the
transforming growth factor B superfamily, some of which are referred to as growth
and differentiation factors (GDF) (Kawabata et al. 1998; Chang et al. 2002). They are
dimeric proteins composed of two monomers joined together with a disulfide bond
(Ducy and Karsenty 2000; Sebald et al. 2004). Additionally, the dimer contains a
‘cysteine knot” which forms the core monomer consisting of seven highly conserved
cysteines Figure 1.4 illustrate the structure of BMP7 as an example of BMP family
(Griffith et al. 1996).

10
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BMP-7 (. ;?.*’(‘:

Figure 1.4 BMP structure.

This figure illustrates the structure for BMP7 as an example of the BMPs family: BMP7 exhibits
extended symmetric arrangements. Monomers are coloured red and blue in the structure and aligned
by a single monomer (blue). This picture is produced from (Lin et al. 2006).

In Humans, there are 21 members of the BMP family (BMP2, BMP7, BMP8A/B,
BMP10, BMP15, GDF1-3, GDF5-7, GDF, myostatin, GDF9-11 and GDF15)
(Schmierer and Hill 2007) which can be further divided into subgroups according to
their amino acid sequences (Kawabata et al. 1998; Botchkarev 2003; Ye et al. 2007).
BMPs exist as both homodimers and heterodimers. Although, the homodimers seem
to be the major form of BMPs, the heterodimers are the most biologically active
(Aono et al. 1995; Israel et al. 1996; Zhu et al. 2006). The BMPs are secreted as
inactive propeptides that are then activated by proprotein convertase, for example
the serine endoprotase furin (Uzel et al. 2001).

Even though, BMPs are synthesized mainly by skeletal cells, their synthesis is not
limited to the bone. They are expressed by a variety of extraskeletal tissues where
they play a central role in cell development and function (Pereira et al. 2000). BMP-1
through 6 are expressed by osteoblastic cell lines but the degree of the expression
depends on the cell line/type studied (Pereira et al. 2000). BMP1 is unrelated to other
BMPs and does not regulate the growth and differentiation of skeletal cells. It
functions as a protease that cleaves procollagen fibrils as well as chordin that is a
peptide that binds and antagonize the action of BMP2, 4 and furin (Uzel et al. 2001).

1.3.4 BMP function

BMPs have unique functions (Wozney and Rosen 1998). They initiate bone formation
by stimulating the differentiation of mesenchymal cells into chondroblasts and
osteoblasts (Wozney and Rosen 1998). This will lead to new bone formation during
embryogenesis and bone repair in adult tissues (Reddi 1997; Wozney 2002).

11
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Many studies in mouse models have described an association between some
skeletal defects and mutation in TGF-3 superfamily members, their receptors or their
binding proteins (Wang et al. 1990; Ahrens et al. 1993; Asahina et al. 1993).

In addition, BMPs also regulate the primal stages of embryogenesis, formation of left-
right asymmetry, neural pattering, tooth and eye development (Luo et al. 1995;
Hogan 1996; Bei and Maas 1998; Zhao 2003). Many genetic studies indicate the role
of TGF-B superfamily in heart development (Zhang and Bradley 1996), suggesting
that BMP-2 is required for the initial formation of cardiac primordium. BMP2 null mice

have either no heart or develop one that is malformed (Zhang and Bradley 1996).

There are different BMP antagonists that can bind to it and inhibit the effects of BMPs
for example follistatin, Noggin and chordin (lemura et al. 1998). Even though, both
Noggin and chordin are not structurally related to the BMPs, they are capable of
binding specifically to BMPs but not to activin or TGF-B. They act by blocking the
interaction of BMPs with their receptors. Studies done on Noggin null mice showed
that these mice had excess cartilage and failed to initiate joint formation (Brunet ef al.
1998; McMahon et al. 1998).

1.3.5 BMP antagonist Noggin structure

Human Noggin protein is encoded by the NOG gene, that has 205 amino acids and
is secreted as glycosylated covalently linked homodimer with a molecular mass of
64KDa (Smith and Harland 1992; Ogawa et al. 2002). Noggin primary structure
contains of acidic amino-terminal and a cysteine-rich carboxyl-terminal, which
contains nine cysteine residues. At the center of the Noggin protein structure there is
a highly basic heparin-binding segment, which maintains the protein at the cell
surface thus controlling its diffusion (Economides et al. 2000; Paine-Saunders et al.
2002). Noggin protein was first discovered in Xenopus produced by Spemann’s
organizer as a neural inducer (Smith and Harland 1992). The main physiological
function of Noggin is to antagonize BMPs through preventing, their binding to both
type | and type Il serine-threonine kinase receptors and inhibiting their signals
mediated by Smad1/5/8 (Zimmerman et al. 1996; Brunet et al. 1998; Groppe et al.
2002).
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1.3.6 Noggin function

As the knowledge of BMPs and their role in different tissues has increased with time,
so the understanding of Noggin’s function has also increased. In Noggin null mice
increased in BMP activity results in a series developmental abnormalities such as
defects of the axial skeleton and joint lesions, impaired formation of the neural tube
and hair follicle retardation (McMahon et al. 1998; Tylzanowski et al. 2006). Noggin
contributes in somite differentiation (Marcelle et al. 1997; Tonegawa and Takahashi
1998). In addition, mice lacking Noggin demonstrate excessive cartilage formation,
shorter extended limbs, and lack joint formation indicating the importance of Noggin
in the regulation of chondrocyte proliferation and differentiation (Brunet et al. 1998).

Moreover, a new role of Noggin has been associated in osteolytic prostate cancer
cell line where re-expression of Noggin in prostate cancer cells results in a reduction
of their osteosclerotic capacity and balanced bone remodeling (Schwaninger et al.
2007).

1.3.7 The TGF-B superfamily signaling pathway

In general, this superfamily of proteins signals by stimulating the formation of specific
heteromeric complexes of type | and type |l serine/theronine kinase receptors. Type
Il receptors are encoded by five mammalian genes and binding to the ligand
phosphorylates and activates the type | receptor. Type | receptors are encoded by
seven mammalian genes (Whitman 1998; Patterson and Padgett 2000).

Type | receptors may have different names as a result of being cloned by
independent groups. Such as Activin receptor-like kinase 4 (ALK 4) can also be
called activin receptor type IB (ActRIB) since it could bind Activin and mediate certain
Activin responses in cultured cells (Attisano et al. 1993; Yamashita et al. 1995;
Attisano et al. 1996). These seven members of type | receptor are further divided into
three groups according to their structure and function similarities (Kawabata et al.
1998). These three groups are as follows:

1- The BMPR-1 which include
BMPR-IA
BMPR-IB
2- The ALK-1
ALK-1
ALK-2
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3- The TGFBR-I
ALK-4/ActR-IB
ALK-5/ TGFBR-I
ALK-7

On the other hand, there are three receptors that may serve as type Il receptor: one
of them is specific for the BMPs while the other two are shared by the other TGF-
family members including activin and myostatin respectively (BMPR-II, ActR-Il and
ActR-IIB) (Yu et al. 2005).

The only substrates for type | receptor kinase that is known to have a signalling
function are Smads (Whitman 1998; Patterson and Padgett 2000). According to their
function Smads fall into three subfamilies as described in the Figure 1.5: receptor-
activated Smads (R-Smads): this group includes Smad1, Smad2, Smad3, Smad5
and Smad8, which are phosphorylated by the type | receptors. The second subfamily
includes the common mediator Smads (Co-Smads) including Smad4 which is then
oligomerised with the activated R-Smad. The third subfamily includes the inhibitory
Smads (I-Smads) that includes (Smad6 and Smad7). The inhibitory Smads are
induced by TGF-B family members and cause a negative feedback effect by
competing with R-Smad for receptor interaction thus, marking it for degradation
(Grishin 2001).
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Figure 1.5 Structure relationships in the Smad family.

The figure illustrates the Smad proteins with the N-terminal Mad homology 1 (MH1) domains in blue
and the C terminal Mad homology 2 (MH2) domains in green. Selected domains and sequence motifs
are indicated as follow: a-helix H2, L3 and H3/4 loops, B-hairpin, the unique exon 3 of Smad2 (ex3),
Nuclear localization sequence (NLS), Nuclear export signal (NES), the proline-tyrosin (PY) maoatif,
Smad4 activating domain (SAD) and the SSXS motif of R-Smads with asterisks indicating the
phosphorylated serine residues. This picture is adapted from (Moustakas et al. 2001).

The Smads have two domains, the N-terminal Mad homology 1 (MH1) and C-
terminal Mad homology 2 (MHZ2) domains, which are joined with each other, by a

linker region as shown in Figure1. 6 (Grishin 2001).
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Figure 1.6 Smads domains.

This figure illustrates the three-dimensional structures of the Smad MH1 domain bound to the AGAC
sequence, and the Smad MH2 domain. The principal interactions of these two domains are listed. The
structures involved in these interactions are shown in different colors: the (-hairpin (B-hp) that
mediated DNA binding, the L3 loop and a-helix 1 (aH-1) that specify Smad interactions with type |
receptors, and the a-helix 2 (aH-2) that specifies Smad2 interaction with SSXS, receptor
phosphorylation sites. This picture is produced from (Massagué and Chen 2000).

The MH 1 domain in R-Smads and Co-Smads is highly conserved and plays an
important role in cytoplasmic anchoring, nuclear import, DNA binding and regulation
of gene transcription. The MH 2 domain is highly conserved in all Smads (Grishin
2001; Shi and Massagué 2003). The MH 2 function is to regulate Smad
oligomerisation reaction by type | receptors and interact with the cytoplasmic
adaptors and other transcription factors (Shi 2001).

The first and crucial step in TGF- signalling pathway is the phosphorylation of the R-
Smads at the C-terminal SSXS motif by activated type | receptor (Abdollah et al.
1997; Shi and Massagué 2003). The L45 loop in the type | receptors and L3 loop in
the R-Smad MH 2 domain both determine their binding to their specific substrates.
Thus the Smad signalling cascade is classified into two groups TGF-B/Activin and
nodal group which phosphrelayte Smad2 and Smad3 and the BMP group which
phosphorylate Smad1, Smad5 and Smad8 as illustrated in Figure 1.7 (Chen et al.
1998).
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Figure 1.7 Signaling specificity in the TGF- superfamily.

The mammalian Smad signaling cascades are classified into two important pathway Activin-TGF-3
(red) and BMP (blue) each ligand binds to its specific type | and type Il receptors as indicated in the
diagram. Activin-TGF-B are phosphorylated by Smad2 and Smad3 (R-Smad) while BMP are
phosphorylated by Smad1, 5 and 8. Both groups share the same Co-Smad. Smad7 acts as an
inhibitor for Activin-TGF-$ group and Smad6 as an inhibitor for the BMP group. Adapted from (ten
Dijke et al. 2000; Moustakas et al. 2001).

After the activation, R-Smads form complexes with the Co-Smad (Smad4) which then
enter the nucleus where they bind to DNA and regulate the transcription of target
genes along with other different cofactors (Shi and Massagué 2003). This pathway is
not only regulated with the |-Smads, which regulate the processes by feedback
inhibition. Furthermore, the TGF- signaling pathway is highly regulated at different
levels (Kogawa et al. 1991; Shimonaka et al. 1991). For instance some extracellular
proteins such as follistatin, Noggin and chordin, antagonize the effect of many TGF-3
family members and alter their signaling processes (Shimonaka et al. 1991).
17
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Follistatin can bind both activin and BMP7 and prevent their binding to their receptors
(lemura et al. 1998). On the other hand, Noggin and chordin bind to BMP-4 and
antagonize its effect (Piccolo et al. 1996; Zimmerman et al. 1996). Additional
mechanisms are involved in regulating the Smads pathway including,
nucleocytoplasmic shuttling and ubiquitin-mediated proteasomal degradation (Shi
and Massagué 2003). The TGF-B pathway can be activated in two ways Smad
dependent and independent mechanism. The non Smad-mediated signaling pathway
also has long been known to control other physiological processes (Massagué 2008).
The nucleocapsid (N) protein can bind to Smad3, which interferes with complex
formation between Smad3 and Smad4. As a result, a Smad3-p300 complex is
formed in the nucleus (Zhao et al. 2008). In addition, TIF1y is found to be selectively
associated with the phosphorylated Smad2/3 in hematopoietic, mesenchymal and
epithelial cells in response to TGF-B and transduce the signal independently of
Smad4 to promote erthrogenesis (He et al. 2006). Moreover, the ubiquitin E3 ligase
TRAFG6 has also been reported to interact with TGFBRI and this coupling is needed
for TGF-B induced auto-ubiquitination of TRAF6 as well as subsequent activation of
TAK1-p38 MAPK, leading to apoptosis (Sorrentino et al. 2008; Yamashita et al.
2008). Figure 1.8 illustrates the TGF-B signaling pathway both Smad dependent and

independent mechanisms.
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Figure 1.8 TGF-B signaling pathways.

After the activation of TGF- B it binds to two types of serine/threonine kinase receptors and transmits
the signal through R-Smad phosphorylation, R-Smad binds to Co-Smad forming a complex that
translocate to the nucleus and regulate the transcription of target genes. TGF- § can activate the
signaling of MAPK in which Smad 7 act as a scaffold protein. TGF- B may activate other pathways
including MAPK, PI3K, PP2A, Par6 and Rho GTPase independent of Smad signaling. Adapted from
(Yan et al. 2009).

In normal physiological condition, TGF- is known to inhibit the proliferation of cells
by inducing apoptosis and inhibiting cell growth. As a consequence any deregulation
of TGF-B expression or signaling has been associated with several diseases
including cancer where, this inhibitory function is lost (Lindholm et al. 1992; Jennings
and Pietenpol 1998) as shown in Figure 1.9.
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Figure 1.9 Possible multiple roles of TGF-f in tumour pathogenesis.

In non-transformed cells TGF- can stimulate apoptosis or inhibit proliferation as cells progress to late
stage they loss the growth inhibitory effect of TGF-3. During late stage of tumour development TGF-
are secreted by the tumour cells or stromal cells and contributes to the cell growth, invasion,
metastases and decrease in the immune response of the host toward cancer cells. Adapted from
(Kaminska et al. 2005).

1.4 The role TGF- plays in different mechanisms

1.4.1 Apoptosis

A group of genes regulated by Smads is suggested to facilitate the pro-apoptotic
effects of TGF-B. These genes include the ones that code for the phospholipid
phosphatase SHIP, death-associated protein kinase (DAPK) and TGF-B-inducible
early response gene 1 (TIEG1) (Ten Dijke et al. 2002; Siegel and Massague 2003).
Moreover, by means of Smad3, TGF- stimulates the expression and activates Fas
receptors contributing to caspase-8 activation and apoptosis of gastric carcinoma
cells (Kim et al. 2004).

However, as seen in Figure 1.10 there are clear participations of the mitogen-
activated protein kinases MAPKs, such as p38 and Jun N-terminal Kinases (JNK) in
the apoptotic mechanisms downstream of TGF-f ligands. Interaction between type ||
receptor for TGF-B and the proapoptotic adaptor protein Daxx, results in stimulation
of JNK and it triggers apoptosis in both epithelial cells and hepatocytes (Perlman et
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al. 2001). The Daxx-JNK pathway includes homeodomain interacting protein kinase 2
(HIPK2), that phosphorylates Daxx, regulating the MAPK kinases MKK4 and MKK7
activity which eventually results in JNK induced apoptosis as described in the Figure
1.10 below (Hofmann et al. 2003). There is another connection between receptor
complexes and intracellular kinases. It involves the TGF-3-activated kinase 1 (TAK1),
which can form a complex with the BMP receptors via its adhering partner TAB1 and
the inhibitor of apoptotic caspases XIAP, an E3 ubiquitin ligase (Yamaguchi et al.
1999).

BMPs may also be responsible for apoptosis of diverse cell types through TAK1, p38,
Smad6 and Smad7 as shown in Figure 1.10 (Yanagisawa et al. 2001).

TGF-B might further counteract pro-survival signals. The comparative levels of
Smad3 and the pro-survival kinase Akt determine whether a cell transition to
apoptosis in reaction to TGF-$ (Conery et al. 2004; Remy et al. 2004). Nevertheless,
TGF-B stimulates cell death of prostate carcinoma cells by boosting cooperation
between Smad7 and TAK1-p38 signaling module (Edlund et al. 2003).
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Figure 1.10 TGF-B stimulating apoptosis.

(A) illustrates the role of TGF-B in apoptosis through Smads. The expression of the pro-apoptotic
genes including DAPK, Ship and Tieg is induced by the TGF-B via Smads. In addition Smads may
promote apoptosis by binding and inactivating the survival kinase Akt. TGF-B stimulate apoptosis by
mobilizing mitochondrial serpin ARTS to the nucleus, which blocks XIAPs the inhibitors of caspase.
(B) illustrates the role of TGF-B in apoptosis through TAK1 pathway. The TGF-B typel receptor binds
Smad7 while typell receptor binds the pro-apoptic protein Daxx. BMP receptors bind XIAP and its
interacting partners TAB and TAK1. Both TGF- and BMP receptors simulate the activation of MKK3,
MKK4 and MKKY7 thus leads to apoptosis via either activating JUK or p38. Adapted from (Moustakas
and Heldin 2005).

1.4.2 Epithelial-mesenchymal transition and migratory responses

The TGF-B is crucial in modulating other important cellular responses including the
cell migration and epithelial/endothelial- mesenchymal transitions (EMTs) which are
essential at the time of embryogenesis and advanced cancer metastases (Tosh and
Slack 2002; Condeelis and Segall 2003; Gotzmann et al. 2004).

Several studies have described the importance of Smads as mediators of actin
cytoskeleton processing downstream of the TGF-3, since they promote a striking
change in gene expression in the epithelial cells (Zavadil et al. 2001; Kowanetz et al.
2004; Vardouli et al. 2005). A work done by Valcourt et al 2005 indicated that Smads
particularly Smad3 and Smad4 are essential for initiating EMT response which is
associated with the aggressive carcinoma spread in both in vivo and vitro.

During EMT TGF-B receptor signaling acts synergistically with EGF signaling in the
formation of tight junctions regulating the structural protein occludin, and interacting
with the polarity protein Par6. In TGF-B signaling pathway, the type Il receptor

phosphorylates both the type | receptor and the type-l-receptor-tethered Par6
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resulting in enlisting of the ubiquitin ligase Smurf1 and consequent ubiquitination and
the breakdown of RhoA (Ozdamar et al. 2005). This results in local dismantling of the
actin cytoskeleton and thus breakup of the strong binding, which is one of the
characteristics of EMT (Thiery 2003). At the same time, stimulation of Smads by the
type | receptor results in transcriptional initiation of genes that are involved in EMT
including the ones encoding for Snail (Peinado et al. 2003), which is a transcriptional
repressor of the gene encoding E-cadherin (Nieto 2002). A couple of reports directly
connect the cytoplasmic protein kinase Limk1 to the long cytoplasmic tail of the BMP
type Il receptor (BMPR-II) (Foletta et al. 2003; Lee et al. 2004). Limk1, a considerably
studied kinase that signals downstream of Rho GTPases and modulates structural
reordering of the actin cytoskeleton (Raftopoulou and Hall 2004), may be involved in
the mechanism by which BMPs regulate the actin cytoskeleton at neuronal dendrite
morphogenesis (Foletta et al. 2003; Lee et al. 2004). Conversely, the TGF-$ type |
receptor can stimulate the related Limk2 through Rho and its downstream effector
ROCKT1 in an indirect manner (Vardouli et al. 2005).

1.4.3 Cell proliferation

The role that TGF-Bs have in apoptosis and morphogenetic responses, also induces
growth inhibitory pathways via Smads which modulate gene expression and regulate
transition through the G1 phase of the cell cycle (Massague 2004). There are
several cell cycle inhibitors including p15, p21 and p57 that could be induced by
Smad signaling, while the proto-oncogene product Myc and the inhibitors of
differentiation (Id1, 1d2, and Id3) are inhibited by Smads. The P21 activity is rapidly
stimulated by all receptor complexes of the TGF-B superfamily (Massague 2004).
FoxO, p53 and Sp1 together with Smads forms large transcriptional complexes on
the p21 promoter enhancer. Reports have suggested that Smads themselves may
inhibit cell growth by binding to protein kinase A (PKA) and activate the enzyme this
effect is linked to the transcriptional activation of p21 and further inhibition of cell
growth (Datto et al. 1995; Cordenonsi et al. 2003; Seoane et al. 2004).

TGF-B may alternatively, control the cell growth by inhibiting p70 s6 kinase through
dephosphorylation by protein phosphatase PP2A. This leads to cell cycle progression
and arrest in early G1 phase (Bhowmick et al. 2003; Kamaraju and Roberts 2005).
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1.4.4 Matrix regulation

Several important components of the extracellular matrix and its regulatory enzymes
are encoded by different genes that are stimulated by the TGF-B (Siegel and
Massague 2003; Schiller et al. 2004), such as plasminogen activator inhibitor 1(PAlI-
1), collagenase | and the collagens (Qing et al. 2000; Javelaud et al. 2003). Smads
work together with transcription factors for instance, Sp1 and TFE3 in order to
regulate the expression of PAI-1. However, signals from ERK and Rac1 are also
required (Datta et al. 2000; Kutz et al. 2001).

In addition, exogenous TGF-B enhances the motion of glioma cells by increasing the
expression of collagen and subunit of az5 B3 integrin and increasingly adjusting the
activity of matrix metalloproteinases MMP-2,9 at the cell surface of glioma cells (Wick
et al. 2001). This interaction between the cell surface receptor and its extracellular
matrix components is important for tumour metastases and angiogenesis (Verrecchia
and Mauviel 2002). Thus, the TGF-3 regulated enzymatic degradation of extracellular
matrix proteins may lead to an increase tumour spread (Platten et al. 2001).

1.4.5 Cell differentiation

Cell differentiation and the regulation of gene expression are linked together by TGF-
B superfamily members (Miyazono et al. 2004). For instance, in order for the
osteoblasts to differentiate from pluripotent progenitor cells they require BMP inputs
in addition to the contribution of other factors such as Smad, transcription factors of
the Runx family and Id proteins (Miyazono et al. 2004). Moreover, the association of
p38, ERK and JNK pathways are quantifiably evidenced in the process of osteoblast
differentiation in response to BMP-2, BMP-4 or BMP-7 (Gallea et al. 2001; Lai and
Cheng 2002; Xiao et al. 2002). In addition, the modulation of Runx2 expression by
TGF-B and BMP require Smad and p38 stimulation as well (Lee et al. 2002). As with
cell proliferation, apoptosis and cell migration/cell differentiation induced by TGF-
family members largely utilizes the MAPK pathways and infrequently alternative non-
Smad effectors (Moustakas and Heldin 2003).

1.4.6 Tumour mediated immunosuppression

TGF-B has been shown to have an essential role in glioma evasion from host
immunity by system by inhibiting Major histocompatibility complex (MHC) class I
expression on glioma cells, macrophages and microglia (Zagzag et al. 2005).
Although, TGF-B wields its immunosuppressive effect on all cells of the immune

system, its main target of action are T lymphocytes, which can develop into either
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effector (CD*CTL) or helper (CD*4 TH1 or TH2) cells. The TGF-B has been found to
be a major inhibitor of the T cells maturation (Gorelik and Flavell 2001; Chen et al.
2005).

Some experimental studies have suggested that the inhibition of immunostimulatory
cytokine expression, such as interferon gamma (IFNy) and Tumour necrosis factor
alpha (TNFa), or the reduction of IL-2-mediated proliferative signals, mediate the
effects of TGF-B1 in immunity (Ranges et al. 1987).

In addition, TGF-B1 can eliminate T cell stimulation by a negative effect on antigen
presenting cells, for example dendritic cells. Furthermore, TGF-B1 is also able to
suppress macrophages by suppression of TNFa, H2O, and nitric oxide formation.
More to the point, TGF-B1 might enhance the formation of immunosuppressive IL-10
by macrophages (Maeda et al. 1995).

Furthermore, targets of TGF-B1-mediated immunosuppression are natural killer (NK)
and lymphokine activated killer cells (LAK), as well as neutrophils (Kuppner et al
1988). Several studies have suggested that blocking the TGF-B1 signaling in the
immune system cells will enhance the anti-tumour response (Gorelik and Flavell
2001; Bollard et al. 2002).

1.5 TGF-B superfamily expression and activities in prostate cancer and
survival

The main characteristics of carcinogenesis and tumour cell autonomy are autocrine
secretion of growth factors and the absence/inactivation of proteins encoded by
tumour suppressor genes (Goustin et al. 1986; Weinberg 1989). Both human and rat
prostates produce many peptide growth factors. Moreover, the proliferation of
prostate cancer in vitro can be altered by the introduction of exogenous growth
factors (Ware 1993).

It has been suggested that TGF-B1 has actions in the formation and advancement of
prostate cancer (Wilding 1991). Even though, TGF-B has been involved in immune
suppression and angiogenesis, it is a powerful growth inhibitor in most cells specially
inhibiting epithelial cell proliferation (Wilding 1991; Kulkarni et al. 1993).

Most prostate cancer cell lines are characterized by increased levels of TGF-$1
expression in vivo. TGF-B1 stimulates tumourigenicity in many cell types including
prostate (Chang et al. 1993; Thompson et al. 1993; Eastham et al. 1995). This is
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interesting with respect to the demonstrated growth inhibitory activity observed
epithelia in vitro.

In a study done to evaluate the activity of the TGF- in cultures of stromal cells
isolated from benign prostatic hyperplasia tissue, challenge using wide dose range of
TGF-B1 demonstrated that low dose of TGF-B1 (0.01ng/ml) was associated with the
increase in the population growth while with higher doses the population growth was
suppressed. One suggested mechanism by which low doses of the TGF-3 could
increase cell population size is by stimulating production of known growth promoters
including fibroblast growth factor (FGF2). In addition, it may also result from lower
apoptosis/differentiation in the treated population. In higher doses, TGF- decreases
population sizes by growth inhibition but not by increasing apoptosis (Bretland et al.
2001).

Prostate cancer cells and other cell types may develop resistant to the growth
inhibitory effect of the TGF-1 by a varied set of mechanisms:

1- Only few cells can activate the endogenously produced TGF- from their latent
form, limiting bioavailability of active forms (Wakefield et al. 1987).

2- Cells may fail to respond to TGF-§ if they have a faulty ligand-binding receptor
system to cell surfaces. The absence of binding has been associated with the
expression of little, no TGFBRII mRNA or carry TGFBRII gene mutations (Inagaki et
al. 1993; Markowitz et al. 1995; Wang et al. 1995).

3- Finally, since TGFBRI and TGFBRII are heteromeric complex that interact with
different targets to activate various signaling pathways, it is likely that the expression
of different type | receptor isoforms or splice variants of type | or type Il receptors
affect these interactions, thus allowing cells to retain sensitivity to some effects of
TGF-B1, while acquiring resistance to other effects (Xu et al. 1994).

Moreover, a study by Kim et al 1996, demonstrated reduced levels of expression of
TGFBRI and TGFBRII in certain human prostate cancer cell lines and showed an
inverse relationship between the levels of expression of TGFBRI and TGFBRII and
the grade of prostate cancer. Sensitivity deprivation of TGF-3 through the loss of its
receptors would be likely to induce prostate cancer cells to increase the level of

expression of TGF-B and this elevated level of TGF-B could then provide survival
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advantages to prostate cancer cells by stimulating angiogenesis and suppressing the
immune response (Kim et al. 1996).

Another paper by Kim et al 1996 showed a correlation between a structural alteration
in the TGFBRI gene and insensitivity to the effects of TGF-B by comparing three
different prostate cancer cell lines including PC3 (Kim et al. 1996).

BMPs may have a role in prostate carcinogenesis similar to TGF-8 isoforms. These
proteins also signal through the interaction with their receptors BMPRI and BMPRII
as discussed earlier in this thesis (lde ef al. 1997; Autzen et al. 1998). In vitro, most
members of the BMPs bind to BMPRII which then combines with BMPRIA or
BMPRIB (Liu et al. 1995). Kim et al 2000, demonstrated that the human prostate
cancer epithelial cell line have decreased level of expression of BMPRIA, BMPRIB
and BMPRIlI as well as an inverse correlation between the levels of BMPR
expression and tumour grade (Kim et al. 2000).

1.6 Bone microenvironment in tumour growth: a“vicious cycle”

Osteoblasts, osteoclasts, the mineralized bone matrix and many other cell types
make up the bone microenvironment (Kozlow and Guise 2005). A vicious cycle of
tumour growth and disease is promoted by the negative implication of tumour cells
and the microenvironment as shown in Figure 1.11 (Yoneda and Hiraga 2005).

As demonstrated above, tumour cells secrete factors that stimulate osteoclast-
mediated bone destruction and as a result the release of numerous factors which
were previously immobilized in the bony matrix. These can act on the cancer cells,
promoting survival, growth, more aggressive phenotypes and potentiating cancer
spread and further bone destruction (Hall et al. 2006).
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Figure 1.11 The vicious cycle of bone metastases.

There are several factors such as MMPs, chemokine receptor 4 CXCR4, vascular endothelial growth
factor VEGF and connective tissue growth factor CTGF that are secreted from the primary tumour that
target metastatic tumour cells to bone and enhance their survival within the bone microenvironment.
Physical factors with the aid of bone derived growth factors including TGF-$ and IGFs activate tumour
cell to express osteoblast stimulatory factors and osteolytic stimulatory factors which in turn stimulate
bone cells to release factors that promote tumour growth in the bone. Adapted from (Kingsley et al.
2007).

Additionally, the bone microenvironment contains physical factors, such as hypoxia,
acidosis, and extracellular calcium plus growth factors like TGFp that have been
implicated in this vicious cycle (Kingsley et al. 2007).

1.7 Growth factors as mediators of the bone microenvironment

During the destruction of bone by osteoclasts calcium and many growth factors are
released from the matrix including IGF, TGF-B, fibroblast growth factor (FGF),
platelet-derived growth factor (PDGF) and bone morphogenetic proteins (Mohan and
Baylink 1991). All of these factors have the potential to act on metastatic cells directly
stimulation of cell proliferation or indirectly by promoting angiogenesis and increasing
tumour production of osteolytic and osteoblastic factors that in turn remodel the
skeleton to accommodate tumour growth (Derynck and Zhang 2003).

Although, TGF-f is not the most abundant growth factor in bone, it has an important
role in osteolytic metastases (Derynck and Zhang 2003). Many studies indicate that

TGF-B may stimulate bone metastases by inducing the proosteolytic gene expression
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in association with PTHrP in both breast cancer cell line and prostate cancer cell
lines such as PC3 (Guise et al. 1996; Yin et al. 1999). TGF-B induced PTHrP in turn
increases Osteoblastic production of RANK ligand therefore, stimulate osteoclast
formation and activity this consequent increase in bone resorption releasing more
bone matrix factors to act on cancer cells thus sustaining a vicious cycle (Pollock et
al. 1996; Kitazawa and Kitazawa 2002).

1.8 The role of TGF- in the initiation of bone metastases

From the previous sections it is clear that the activity of the TGFp family in the
context of tumour growth and metastasis is complex. On the one hand, these factors
are potential growth inhibitors for the tumour population but on the other, they provide
modification of the tumour phenotype and associated environment in bone that
favours metastasis. As stated earlier, osteoblastic lesions are frequently produced by
prostate cancer that metastasizes to the bone. The mechanism by which prostate
cancer promote bone remodeling/mineralization is not well understood: prostate
cancer cells produce different factors with, osteogenic properties (Boyce et al. 1999;
Deftos 2000). These factors could be grouped into those that have direct effects on
osteoblast function; BMPs, TGFB1, TGFB2, IGF1, IGF2, FGF, PDGF, WNT (Mundy
2002) and endothilin-1 (ET-1) (Kimura et al. 1992). ET-1 also has indirect effects: it
stimulates the WNT signaling pathway by causing a reduction in the production of the
WNT antagonist dickkopf homologue 1 (DKK-1) (Clines and Guise 2008). WNT
signaling is a major osteoblast regulatory pathway, controlling normal osteoblast
differentiation and function (Hall et al. 2005). A second category includes factors that
have entirely indirect effects on osteoblast function such as vascular endothelial
growth factor (VEGF) (Ducy et al. 1997) by modifying the bone microenvironment,

Several other proteins also work indirectly to stimulate bone formation, for example
the serine proteases, prostate specific antigen (PSA), and urinary plasminogen
activator urokinase (UPA). These proteases could enhance the activation of growth
factors such as TGFB (Killian et al. 1993) and parathyroid hormone-related protein
(PTHrP). How PSA facilitates the tumour growth has not been established but there
is a possibility that it may also activate osteoblast stimulating factors such as TGFf
and IGF by cleaving them from their inactivating peptides (Cramer et al. 1996;
lwamura et al. 1996). Figure 1.12 describes the bone formation in prostate cancer
osteoblastic metastases.
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Figure 1.12 Bone metastases in prostate cancer.

Prostate cancer cells stimulate osteoblast proliferation and new bone formation via the secretion of
many factors into the bone microenvironment such as endothelin-1ET-1, FGFs, BMPs and PDGF. ET-
1 decreases the secretion of DKK-1, which is Wnt pathway inhibitor that in turn results in the
stimulation of osteoblast activity. Proteases mostly prostate-specific antigen produced from the tumour
cell cleaves PTHrP, TGF-B and IGF from its binding protein which results in the production of
fragments of PTHrP and active TGF- thus stimulate osteoblast activity. Adapted from (Clines and
Guise 2008).

In breast cancer, metastases have been shown to stimulate osteoclastic activity in
the bone marrow and cause release of the TGF- from the bone matrix, which acts
on cancer cells to stimulate the formation of PTHrP and Interleukin- 11. These two
factors act on osteoblasts and cause the release of the RANK ligand and other
factors involved in osteoclast mobilization and feed-forward into the osteolytic
metastases cycle happen again as seen in Figure 1.13 (Kingsley et al. 2007).
Metastatic breast cancer cells in the bone microenvironment use Smad dependent
transcription as revealed by a noninvasive imaging reporter in mice (Kang et al.
2005). PTHrP is a mediator of TGFB osteolytic action(Kingsley et al. 2007).
Apparently, TGFB stimulates PTHrP secretion without increasing PTHrP mRNA
levels (Kakonen et al. 2002). In addition, PTHrP promotes the production of RANK
ligand in osteoblasts which results in promoting the differentiation of osteoclast
precursors and bone resorption (Kakonen et al. 2002).
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Figure 1.13 Role of TGFg in breast cancer metastasis

TGF-B derived from either infiltrating mesenchymal or myeloid precursor cells (green) or from the
cancer cells themselves (brown) stimulates the expression of Angiopoietin-ike 4 (ANGPTL4).
Disseminated cancer cells then enter the circulation with increased ANGPTL4 have the advantage of
seeding the lung this cytokines have the ability to disrupt vascular endothelial junctions. In the lung
breast cancer cells respond to the local TGF-f3 thus results in an inhibition of differentiation/DNA
binding1 (ID1). In addition circulating tumour cells enter the bone marrow where TGF-§ being released
from osteoblasts (blue) acts on the growing cancer cells and stimulate the production of parathyroid
hormone-related protein (PTHrP) and interleukin-11. However these factors act on osteoblast cells
and enhance the release of RANK ligand (RANKL) and other mediators of osteoclast mobilization
initiating osteolytic metastases cycle. Adapted from (Massagué 2008).

Other mediators that modulate bone metastasis include interleukin-11 (IL-11) and
connective tissue growth factor (CTGF), which are TGF target genes (Kang et al.
2003; Kang et al. 2005). The induction of both IL-11 and CTGF expression by TGF3
is mediated by Smad signaling (Kang et al. 2005).

In addition, Smad molecules can activate the transcription of downstream targets
such as plasminogen activator inhibitor type | (PAI-1) (Tu et al. 2003). Reduction in
the level of PAI-1 is associated with disruption of the TGF-B activity in prostate
cancer, which in turn leads to inhibition of urokinase type plasminogen activator
(uPA) mediated extracellular matrix proteolysis. This is suggested as another
possible mechanism for modulating metastasis (Lyon et al. 1995; Soff et al. 1995).
Blocking the effects of TGF-f may be essential to allow tumour growth but
consequent restoration of the TGF-3 pathway at the right time contributes to tumour
cell motility, epithelial-to-mesenchymal transition and eventually metastasis (Derynck
et al. 2001).
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In addition to the above, TGF-B1 was found to stimulate collagenase production and
enhance tumour cell invasion and metastatic potential (Welch et al. 1990). Therefore
autocrine production of TGF-B1 may affect tumour cells directly by decreasing cell
adhesion or enhancing degradation of extracellular matrix components (Morton and
Barrack 1995).

Additionally, loss of BMPs is linked to advanced prostate cancer and bone
metastasis (Soda et al. 1998). Prostate cancers maintaining high levels of BMP
signaling may be unable to proliferate in such a microenvironment. However,
prostate cancer cells that lack expression of BMPRs could be released from the
growth inhibitory effect of BMPs and enabled to proliferate in the bone (Kim et al.
2000).

A work done by Hamdy et al 1997 of the relation between the expression of BMP-6 in
prostatic cancer tissue and skeletal metastases, suggested that BMP-6 might be
partially the cause for the osteoblastic changes in metastatic lesions that occur in
prostate cancer (Hamdy et al. 1997).

However, BMP-7 was found in another study done by Buijs et al to provoke TGF-f3
signaling effect in human prostate cancer cells that are known to be metastatic to
bone. This study suggested that BMP-7 may govern the epithelial homeostasis in
human prostate gland by maintaining the epithelial phenotype. It has been suggested
that BMP-7 could be used as a new therapeutic molecule for repressing the progress
of prostate cancer (Buijs et al. 2007).

1.9 Modulation of the TGF-f signaling as a strategy to suppress the formation
of the bone metastases

The accumulation of evidence of the various roles TGF-B in immunosuppression,
regulation of tumour growth and metastasis, has given rise to an increased interest in
TGF-B as a therapeutic target (Arteaga 2006; Bierie and Moses 2006; Wrzesinski et
al. 2007).

A study done by (Muraoka et al. 2002) revealed that cutting off the action of TGF-3
resulted in inhibiting mammary tumour cells viability, migration and metastases.
Introduction of dominant negative TGF-B Type Il receptors (TBRIl) into mammary
cells resulted in retarding the primary tumour and metastases formation and
prevention of epithelial-to-mesenchymal transition (EMT) (Oft et al. 1998).

Furthermore, in osteolytic bone metastases inhibiting TGF-B might result in
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interruption in the osteoclastogenic cycle and the progression of tumour growth
(Loeys et al. 2006).

In another study done by (Shah et al. 2002) retrovirus-mediated introduction of a
dominant negative TGFRII to bone marrow cells resulted in production of leukocytes
capable of potent anti-tumour response and suppression of metastasis in both
melanoma and prostate cancer models. These mechanisms were based on the
interaction between the cytokine and its receptors. Recently another effective therapy
was introduced based on siRNA in order to repress TGF-f3 activity in malignant cells
(Friese et al. 2004; Bhola et al. 2013). Blocking the cytokine expression by using
siRNA against TGF-3 was found to inhibit tumour cell migration, tumour invasion, and
restore anti-tumour immune response in mouse model (Friese et al. 2004). Inhibitors
target phosphorylation of Smad proteins have been used and result in the
suppression of Smad nuclear translocation (DaCosta et al. 2004; Scott et al. 2004)
and might be used to inhibit TGF-§ action.

Aiming at the osteoblastic response to prostate cancer could also be promising. An
endothelin A receptor (ETAR) antagonist is found to reduce the advancement of
prostate cancer bone metastases (Clines and Guise 2008).

A new class of possible beneficial agents is recognized against a wide range of
diseases this class includes Si/shRNA. On the other hand, the benefits of this
approach depends mainly on the effective delivery of shRNAs to tumour cells.
Transfection of shRNA with lentiviruses into cultured mammalian cells may be an
encouraging method in specific, efficient and stable knockdown of various genes (An
et al. 2003; Grimm et al. 2005).

However, these examples show the enormous potential of the pathway as a
therapeutic target although there may be negative consequences: the inhibition of
TGF-B might result in chronic inflammatory and autoimmune reactions. In addition,
Inhibition of TGF-B receptor function could further result in the development of
compensatory resistance mechanisms by other activators of the Smad pathway
similar to those that occur in individuals with inactivating mutations in TGFBRI and
TGFBRII (Loeys et al. 2006).
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1.10 Aim of the study

Prostate cancer represents one of the most common cancers and the second most
common cause of cancer deaths in men worldwide. More than 80% of patients with
advanced prostate cancer develop bone metastases (Mundy 2002; Jemal et al.
2007). The human prostate cancer cell line PC3 preferentially colonizes vertebrae
and the long bones of the hind limbs when injected into the circulation of
immunosuppressed mice. The factors that regulate colonization of the skeleton and
tumour growth in this model are not well understood. What is clear is that these cells
produce lesions that are eventually osteolytic in appearance and that this is a result
of tumour cells modifying the bone microenvironment during the formation of
metastases. It is also apparent that PC3 cells produce significant levels of a number
of cytokines that are osteoinductive such members of the TGFB family including
TGFB1, BMPs 2 and 3 and an antagonist in this system, Noggin. The relative
contribution of these signaling molecules to the events of attachment of tumour cells
to bone cells and early colony initiation is unknown, what is clear is that the effects of
these cytokines are unlikely to be simply autocrine but also paracrine acting on
tumour associated cell populations.

The aim of this study is to investigate the interaction between prostate cancer cells
(PC3-RFP) and bone cells (Sa0S-2 and MG63) and to determine which members of
the TGFB superfamily contribute these interactions and potentially to the colonization
of tumour cells to the skeleton. This study will test the hypothesis that tumour derived
TGFp signaling regulates the growth and differentiation of osteoblastic lineage cells
and contributes to the survival and growth of prostate cancer cells in vivo.

The hypothesis of my study was addressed through four objectives.
1- Determine the effect of Prostate cancer cells on the growth of osteoblastic cell
lines and their differentiation (chapter 3).

2- Determine the expression of TGF-f superfamily genes in human prostate cancer
cells grown alone and in direct contact with osteoblastic cells or when
osteoblasts were exposed to products of prostate cancer cells present in
conditioned medium. Levels of expression of these genes in these populations
will be compared and important differences investigated further (chapter 4).

3- Determine the effect of Noggin on the growth of osteoblast SaOS2 cells. This will
be achieved by evaluating the effect of conditioned media collected from PC3
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knock down Noggin (PC3-KD) cells on the proliferation of osteoblast (Sa0S2)
cells compared to conditioned media collected from control PC3RFP-mock cells.
In addition | will determine the effect of exogenous recombinant Noggin on the

growth rate of osteoblast cells (chapter 5).

4- Determine whether tumour frequency and growth of PC3 prostate cancer cells
(Noggin knockdown/ mock control) is affected by Noggin expression in the
BALB/c nude mice (chapter 6)
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2.1 Tissue culture Materials and Disposable Equipment:

Item

Disposable pipettes (2,5,10 and 25ml)

Supplier

Sterilin

Disposable Tips (200 and 1000ul)

Corning Incorporated

Centrifuge Tubes (15 and 50ml) Sterilin
Flasks (T25 and T75) IWAKI
Multi well plates (24 and 96 wells) IWAKI

Cryovials 2ml Corning Incorporated
Nalgene'" Cryo 1°C freezing container NALGENE

Cell culture Materials

DMEM without pyruvate Gibco
Penicillin/streptomycin Sigma

Sodium bicarbonate sigma

Fetal Bovine Serum (FBS)

PAA-The cell culture Company

Trypsin/EDTA Sigma
DMSO Sigma
Ethanol Sigma

Vi-CELL™ XR Quad Pak Reagent Kit

Beckman Coulter

Vi-Cell XR Cell Viability Analyzer

Beckman Coulter

2.2 Tissue culture techniques

2.2.1 Cell Lines

PC3 cell line was obtained from the American Type Cell Collection (ATCC), and was
transfected with pDSRed-monomer-Hyg-C1 plasmid to become stable hygromycin
resistance and to stably express RFP by Dr. Colby Eaton's group at Sheffield
University.
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Figure 2.1 Plasmid map for the pDSRed-monomer-hyg-C1 used to produce PC3 RFP cells.

lllustrate that transfected cells acquire red fluorescent and hygromycin resistance.

The Sa0S-2 cells are osteoblasts-like human cell lines derived from patient
osteosarcoma (Rodan et al. 1987). They were acquired from the ATCC.

The MG63 cells were obtained from ATCC. They are human undifferentiated
osteosarcoma cell line, which has both mature and immature osteoblastic
characterization (Pautke et al. 2004).

All cell lines (PC3-RFP, Sa0S-2 and MGG63 cells) that have been used in these
experiments were thankfully given by Dr. Colby Eaton at Sheffield University.

2.2.2 Maintaining and sub-culturing of cell lines

All cell lines were routinely maintained in sterile T75 flasks in humidified incubator at
37°C and 5% CO,. PC3-RFP, MG63 and SaOS-2 cells were grown in a high glucose
without Pyruvate formulation of Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/streptomycin
(p/s). The confluence of the cultures was checked under an inverted microscope.
When the cells were around 90% confluent the cells were harvested by trypsinisation
and passaged in new T75 flasks and some of them were freeze down and stored in
liquid nitrogen as a stock.

37



The activity of the TGF beta superfamily in prostate cancer and the formation of bone metastases

2.2.3 Cell harvesting by trypsinisation
Trypsinisation is a method that is used for harvesting the adherent cells to generate a
cell suspension for either the purpose of sub-culture or for counting in order to re

seed for a specific experiment.

For a T75 flask, the medium was removed, and the cells were washed with 10ml
Dulbecco's phosphate buffer saline (PBS). 5ml of Trypsin-EDTA was added in order
to detach the cells. The flasks were incubated in trypsin-EDTA at 37°C until all the
cells detached. This was detected by using the inverted microscope. After cell
dissociation, trypsin-EDTA was neutralized by adding 10ml of the standard medium
with the correct percent of FBS designed for the experiment. The time for cells to
dissociate differs according to the type of cell (5-10min for the PC3-RFP and MGG3,
10-15min for the Sa0S-2 cells) and the time it had been cultured.

2.2.4 Thawing and freezing of the Cells
Cell lines were regularly frozen for long-term storage. All experiments were done
within 5 passages for PC3RFP and up to 20 passages for SaOS2 and MGG63 cells.

2.2.4.1 Freezing cells
Cell lines were harvested near the confluent phase by trypsinisation. Cells were

pelleted by centrifugation and re-suspended in 1ml of freezing medium (standard
medium with 7.5% DMSO). The cell suspension was put in aliquots of 1ml in cryo-
vials, placed in a Nalgene Cryo 1°C freezing container to allow slow freezing (-
1°C/min) and frozen at -80°C overnight. After 24h, the cryo-vials were transferred to a
liquid nitrogen storage tank for long term storage.

2.2.4.2 Thawing cells

The vials from liquid nitrogen were defrosted by partial immersion in water bath at
37°C. Then the cells were centrifuged (500xg, 5min). The pellets were re-suspended
in standard medium and seeded in sterile flask.

2.2.5 Cell counting using Beckman Coulter Vi-cell X}

Cell Viability Analyzer
The Vi-cell Cell viability analyzer uses the same widely accepted trypan blue dye
exclusion method to determine cellular viability.

In the Vi-CELL system a proprietary algorithm is utilized to determine which cells
have absorbed the trypan blue dye and which have not.

In order to count the cells by using the Beckman coulter vi-cell cell viability analyzer
the cells were harvested by trypsinisation method as described in 2.2.3. The cells
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were centrifuged at (5000xg, 5min). The supernatant was removed and 10ml of the
standard medium was added to the pellet. The cells were mixed well using 10ml
syringe. 1ml from the solution was transferred to an empty cup designed for the
Beckman coulter vi-cell cell viability analyzer. The results obtained will be in the form
of Total cell/ml and viable cell/ml.

2.3 Molecular Techniques

2.3.1 Materials and Disposable Equipment used for RNA Extraction

‘ ITEM SUPPLIER
QIAGEN® RNAeasy Mini Kit QIAGEN®
QIAGEN® DNase treatment QIAGEN
Ethanol( for molecular biology) Sigma-Aldrich
Nuclease Free PCR tubes 1.5ml Fisher scientific
10cc Syringe Hwajin medical company
NanoDrop-1000 spectrophotometer Thermo-Fisher
RNA 6000 Nano Kit Agilent
Agilent 2100 Bioanalyzer Agilent
Chip Priming Station Agilent
IKA vortex mixer IKA
RNaseZAP Ambion
RNase free Water Ambion
Microcentrifuge Agilent
Heating Block Agilent

Reverse Transcription
dNTP Bioline
Oligo dt Promega
Random (N)s primer Promega
DEPC- treated water Ambion
Buffer Invitrogen
0.1 dit Invitrogen
RNase inhibitor Promega
Superscript Il reverse transcriptase Invitrogen

Quantitative real time PCR

TaqMan Universal master Mix Applied Biosystem
Human GAPDH(20X) Applied Biosystem
COL1A Applied Biosystem
TaqMan gene expression assay Noggin Applied Biosystem
Runx2 Applied Biosystem
Osterix Applied Biosystem
MicroAmp optical 96-wellreaction plate (0.1ml) Applied Biosystem
StepOne Plus Real time PCR Applied Biosystem
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2.3.2 RNA Extraction from cells using Qiagen RNAeasy Mini Kit
Preparation of the RNeasy Lysis (RLT) Buffer:

Six microliter of B-mercaptoethanol was added to each 600ul of the RLT Buffer.

The amount of RLT buffer added to different sizes of Tissue culture flasks:

Amount of RLT buffer Amount of B-
Tissue culture Flask
added Mercaptoethanol
T25 flask 600 pl 6 ul
T75 flask 1200 pl 12 ul
First Step:

After preparing the RLT buffer, the medium was removed from the flask and cell were
washed with 3ml could PBS. RTL buffer was added to the flask and cells were
removed completely from the flask in to RNase free PCR tube by using 10ml Syringe.
The cells were mixed by vortex; at this point cells were stored at -80°C.

Second Step:

Samples were thawed out completely, and an equal amount of 70% ethanol was
added to each sample (i.e. 1200ul Ethanol). The samples were mixed thoroughly by

vortex for 1 min.

700ul of each sample were transferred to an RNAeasy Mini spin column placed in a
2ml collecting tube. The lid was closed carefully and centrifuged for 30 s at maximum
speed (8000xg). The flow through was discarded and another 700pul of each of the
samples were transferred to the same RNAeasy Mini spin column and steps were
repeated again until all the samples were finished. 350l of RW1 (washing Buffer
lysate/ethanol) were added to each column of samples and centrifuged for 30 s at the
maximum speed (8000xg) and again the flow was discarded.

DNA digestion step:
Preparation of the RNase-free DNase | Enzyme for the first time:

560pl RNase free water was injected into the enzyme vial and was gently mixed by
inverting the vial. The enzyme should be divided into single use aliquots and store at
-20°C.
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70yl of RDD buffer were added to each 10ul of Enzyme for each sample. 80ul of the
above mixture (enzyme+ buffer) were added to each sample and were kept at room
temperature for 15min. 350ul of the RW1 were added to all samples and centrifuged
at the maximum speed for 30 s. The flow was discarded and 500ul of the second
washing buffer RW2 was added on all samples. The samples were centrifuged again
for 30 s and the flow was discarded. Another 500ul of the RW2 were added and
same previous step was repeated. The collecting tubes were changed and the
samples were centrifuged for 1 min. The spin columns were placed on a new 1.5
collecting tube and a 30ul of RNase free water were added directly to the membrane
of the column in order to dissolve the RNA. The lids were closed and the samples
were centrifuged for 1 min, this is called the first elution. The spin columns were
placed on another new 1.5 collecting tube and a 30ul of RNase free water were
added directly to the membrane of the column in order to dissolve the RNA. The lids
were closed and the samples were centrifuged for 1 min and this is called the second

elution.

2.3.3 Quantification of RNA

The quality and the quantity of the RNA produced were assessed by using the
Nandrop spectrophotometer. One microliter of each sample was loaded on the
Nandrop spectrophotometer. The concentration of the RNA was measured at a
wavelength of 260nm while the ratio between the two wavelengths Azso and Ao
indicate its purity. In all experiments the concentration of the RNA extracted from
cells ranges between 50-1000ng/uL. the Ayso/Azgo ratio in all experiments were above
1.8 which indicate that the RNA obtained were free from protein contamination.

2.3.4 Analyzing the RNA integrity by using the RNA 6000 Nano Bioanalyzer Kit
The integrity of the RNA was assessed by using RNA 6000 Nano Bioanalyzed Kkit,
which resemble RNA agarose gel electrophoresis. A good quality undegraded RNA
characteristic was indicated by the presence of 2 horizontal bands representing the
28S and the 18S ribosomal RNA as shown in Figure (2.2).
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Figure 2.2 RNA integrity using RNA 6000 Nano Bioanalyzed kit.

clear 28S and 18S bands represent an intact RNA (A) illustrate RNA integrity in PC3RFP (B) illustrate
RNA integrity in SaOS2 (C) illustrate RNA integrity in MG63

Preparing the RNA ladder:

The ladder was transferred to an RNase free vial and denatured for 2 min at 70°C
then; the vial was immediately cooled down on ice. Aliquots were prepared in RNase
free vials and stored at -80 °C. The ladder aliquot that will be used was thawed and
was kept on ice.

Preparing the Gel:

All reagents were allowed to equilibrate to room temperature for 30 min. Five
hundred fifty microliter of Agilent RNA 6000 Nano gel matrix (red) were added into
the top receptacle of a spin filter. The spin filter was placed in a microcentrifuge and
centrifuged for 10 min at 1500xg. The filtered gel was divided into aliquots containing
65pl in each 0.5ml RNase free microfuge tubes.

Preparing the Gel-Dye Mix:

All reagents were allowed to equilibrate to room temperature for 30 min. Note: the
dye concentrate should be protected from light while keeping at room temperature.
The RNA 6000 Nano dye concentrate was mixed buy vortex for 10 s and spun down.
One microliter of the RNA 6000 Nano day concentrate was added to the 65ul aliquot
of filtered gel was prepared previously. The tube was closed and mixed thoroughly.
The tube was spun down for 10 min at room temperature at 13000xg.
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Loading the gel-Dye mix:

The gel dye mix was allowed to equilibrate to room temperature for 30 min. A new
RNA Nano chip was taken out of its sealed bag. The chip was placed on the chip
priming station. 9ul of the gel dye mix was pipetted at the bottom of the well-marked
G. The timer was set to 30 s and the plunger was positioned at 1ml. Then the chip
priming station was closed. The plunger of the syringe was pressed down until it was
held by the clip. The syringe was released after 30 s. The plunger was pulled back
slowly to the position 1ml again. The chip priming station was opened. 9ul of the gel

dye mix was pipetted to each of the wells.

Loading the RNA 6000 Nano Marker:

Five microliters of the RNA 6000 Nano marker were pipetted into each of the 12

sample wells and the ladder well.
Loading the ladder and the samples:

The ladder aliquots were thawed and kept on ice. The samples were heat denatured
at 70°C for 2 min in order to minimize secondary structure before loading the
samples. One microliter of the RNA ladder was pipetted into the well-marked with the
ladder symbol on the top of the chip. One microliter of each sample was pipetted into
each of the sample wells. The chip was placed horizontally in the adapter of the IKA
vortex mixer and was mixed by vortex for 60 s. The chip was inserted into the Agilent
2100 bioanalyzer and the run was started.

2.3.5 Reverse Transcription and cDNA production

The RNA samples were diluted to be about 500ng/pl. one microlitter of the samples
were added to 1 pyl of dNTP, 0.5 pl of oligo dT, 0.5 yl random (N)s primer and DEPC-
trated water to a total of 10 pl of volume. The solution was incubated at 65°C for 5 min,
and chilled in ice for 1 min. Four microliter of the buffer, 1 pl of dtt and 1 ul of RNase
inhibitor were added to the negative sample only. Four microliter of the buffer, 1 pl of
dtt, 1 pl of RNase inhibitor and 1 ul of Superscript Il reverse transcriptase were added
to the positive sample and the No RNA tube. Samples were incubated for 2h at 50°C,
and the reaction was terminated by increasing the temperature to 70°C for 15 min. The
cDNA produced from the reaction was stored at -20°C.
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2.3.6 Quantitative real time PCR

Reverse transcription RT/PCR is the most sensitive technique to determine the
expression of specific transcript in an mRNA population. QRT/PCR was performed on
cDNA samples either to test the quality of the cDNA produced by checking the
expression of the housekeeping gene Glyceraldehide-3-phosphate dehydrogenase
(GAPDH) or to determine the expression of specific genes in the study. Tagman
universal master mix was used with primer of interest. Each 20uL of cDNA sample was
diluted with 20uL of DNase/RNase free water. 2uL of each sample was loaded in fast
optical 96 well reaction plate (0.1ml). The volume of reagents added per reaction is
listed in Table below.

Reagent Volume (pL)

Tagman universal master mix 5uL
Primer of interest 0.5uL
DNase/RNase free water 2.5uL

Quantitative RT/PCR was performed using StepOne plus PCR with denaturation
temperature of 95°C, annealing temperature 55-65°C and elongation temperature of
72°C these three steps makes one cycle which is repeated for 40 times (40 cycles).
Runx2, COL1A, Ostrix, Noggin and GAPDH assays were used. Expression was then
normalised with housekeeping gene GAPDH.

2.4 Western blot

Western blot is a technique used to detect the presence of specific proteins
according to their capability to bind to precise antibodies against these proteins.
Polyacrylamide gel electrophoresis (PAGE) is used to separate proteins within
samples. Samples must be treated with strong reducing agent to remove secondary
and tertiary structure of protein allowing the separation to occur according to the
molecular weight of the protein. Sodium dodecyl sulfate (SDS) was added to both the
polyacrylamide gel and to the running buffer in order to maintain the polypeptides in

the denatured form and to impart a uniform negative charge to linearized proteins.
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Materials, disposable equipment and chemicals used in western blot technique

‘ Item Supplier

Protein extraction and measurement

RIPA buffer Sigma-Aldrich
Protease inhibitor cocktails Sigma-Aldrich
Bicinchoninic (BCA) Sigma-Aldrich
Copper (Il) sulphate solution Sigma-Aldrich
Bovine serum albumin (BSA) Sigma-Aldrich

Western blot
Mini protein electrophoresis apparatus with mini trans blot

electrophoritc transfer cell Biorad

0.25M TRIS Sigma-Aldrich
Glysine Sigma-Aldrich
SDS Sigma-Aldrich
Methanol Sigma-Aldrich
Phosphate buffer saline Tablet Oxoid

Tween 20 VWR international
1.5M Tris-HCI pH8.8 Sigma-Aldrich
0.5M Tris-HCI pH6.8 Sigma-Aldrich
30% Acrylamide Geneflow
ammonium persulphate (APS) Sigma-Aldrich
Tetramethylethylenediamine (TEMED) Sigma-Aldrich
BIO-RAD molecular weight marker Biorad

B- Mercapto Ehanol Sigma-Aldrich
Glycerol Fisher scientific
Bromophenol blue Sigma-Aldrich
Anti-Noggin antibody abcam
Anti-GAPDH abcam

Anti-B- actin abcam

anti-rabbit IgG, horseradish peroxidase-linked species-
specific secondary antibody

Polyvinylidene fluoride (PVDF)

GE Healthcare

Immubilon transfer
membranes, milipore

Filter paper Sigma-Aldrich
Supersignal west dura chemiluminescent substrate Thermo-scientific
Kodax biomax MS film Sigma-Aldrich
Skimmed milk powder Marvel
Developer AGFA

Rapid Fixer AGFA
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2.4.1 Protein extraction using Radio-Immunoprecipitation Assay (RIPA) buffer
RIPA buffer and protease inhibitor cocktail in ratio of (1:100) was used to extract
proteins from cells. 500uL of RIPA buffer and 5uL of protease inhibitor cocktail were
added to confluent T75 flask of either osteoblast or PC3RFP cells. Protease inhibitor

cocktail was added in order to stop protein degradation.

2.4.2 Bicinchoninic acid (BCA) protein assay

Total protein concentration was determined by BCA protein assay method (Smith et
al., 1985). The copper sulphate(ll) in the reagent is reduced to copper sulphate(l) by
the presence of peptide bonds in the proteins. The amount of proteins in the sample
is relative to the amount of copper sulphate(ll) that being reduced. Standard curve
was conducted using the following BSA concentration, 1000 pg/ml, 800ug/ml,
600ug/ml, 400pg/ml, 200ug/ml, 100pug/ml and Oug/ml. 10ul of each standard protein
concentration and samples were added in duplicate into 96 well plates. BCA working
reagent was prepared by adding 50 part of BCA reagent to 1 part of copper sulfate
(11). 200pl of BCA working reagent was added into each well of standard and
samples. Plates were incubated for 30mintes at 37°C and read on a plate reader
(DYNEX technologies, MRX Il) at 562nm.

Protein Asssay
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Figure 2.3 Example of Protein assay standard curve.

10pL of protein standards dilutions (BSA 1mg/ml) and of protein samples in duplicate were incubated
with 200uL of BCA/copper sulfate solution for 30 min. It was measured using microplate reader at
absorbance of 560nm. The concentration of the unknown protein samples was calculated from this
protein standard curve.
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Preparation of buffers used in Western Blot

5X Sample (Laemmli)

10X Tris/Glysin (1L) 1X Transfer Buffer (2L)
buffer
Tris 250mM
0.5M Tris-HCI pH
MW 30.3g 10X Tris/Glysin 200ml 6 1.75ml
121.14g/mol '
Glysin 1.92M
144 1g Methanol 20% 400ml Glyserol 4.5ml
MW 75.07

1X Running Buffer (2L)  Washing Buffer ~ Washing SDS 0.5g

(2L) Buffer (2L)

Bromophenol blue
10X Tris/Glysin 200ml PBS 20 Tablet 0.5ml
0.2%
SDS 10% 20ml Tween 20 1ml > 1.2ml
Mercaptoethanol
Stripping Buffer (1L) 1X TBST
Glycine 15¢g 10XTBS 100ml
SDS 19 Tween 20 1ml
Tween 20 10ml Complete the volume to 1L
Adjust pH to 2.2 bring volume to 1L with ultra-pure water with ultra-pure water

2.4.3 Sample preparation

All samples, whether the recombinant Noggin or cell lysate, were mixed with Laemmli
Buffer X5, one part buffer with four parts sample. Protein sample and buffer solutions
were mixed by inversion and denatured for 5 min at 95°C. Boiled samples were
mixed by inversion and kept on ice until gel loading.

2.4.4 Sodium-Dodecyl-Sulphate Poly-Acrylamide Gel Electrophoresis (SDS-
PAGE)

For each experiment two SDS 12%(w/v) resolving gel was prepared by a mixture of 8
ml of Acrylamide 30%, 5 ml of resolving gel buffer 1.5M Tris (pH8.8), 6.6 ml of water,
200 pl of 10% SDS, 200ul of 10% ammonium persulphate (APS) and 8ul of
Tetramethylethylenediamine (TEMED). This was loaded between the spacer plates
1.5 mm apart and kept for 30 — 40 min to polymerise. To maintain an even gel level
and stop gel dehydration, butan-2-ol was added covering approximately 0.5 cm of the
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top of the gel. Once the separating gel had set, all traces of butan-2-ol was washed
form the gel three times, using distilled water. 5%(w/v) stacking gel was prepared by
mixing of 1.34ml of Acrylamide 30% (Total), 1ml of stacking gel buffer 0.5 M Tris, 5.4
ml of water, 80ul of 10% SDS, 80ul of 10% APS and 8ul of TEMED. These were
loaded onto the resolving gel after it had polymerised. 10 or 15 plastic toothcombs
were placed between the glasses in the separating gel to form wells for the samples.
When the gel had set, the comb was removed and the glass plates were placed into
an electrophoresis tank. The tank was filled with 1X running buffer. Horse Radish
peroxidase (HRP) conjugated molecular marker (BIO-RAD) was added to the first
lane of each gel and 40ug of protein in 30ul were then loaded into the gel slots for
electrophoresis and run at 60 volts (constant voltage) for 40 min. Afterword, the volt
was increased to 150 volts for another 40 min or until the sample buffer disappears
from the gel.

2.4.5 Protein transfer

Following protein migration, the stacking gel was cut off from the remainder of the gel
and discarded. The separating gel was dislodged from the glass pane. Polyvinylidene
fluoride (PVDF) membrane was soaked in methanol prior to use. Within an open
transfer cassette a sponge and one of the filter paper were placed followed by PVDF
membrane then, the gel was placed on the PVDF membrane (marker facing top left
of membrane) and sandwiched with another pieces of cellulose blotting paper and a
sponge were made. The cassette was then closed and placed into an electrophoresis
tank. The tank was filled with 1X transfer buffer, and ice pack and a magnetic stirrer
to maintain temperature. Membranes were blotted at 70V for 55- 60 min at 4°C.
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Figure 2.4 Diagram illustrating the transfer apparatus for western blotting

proteins, which are negative, charged with SDS travel to positive pole, when electric field is applied to
the apparatus. The protein then was captured by PVDF membrane. Mini trans-blot electrophoritec
transfer cell, Biorad is gathered in this order: cassette (red/anode, sponge, filter paper, PVDF, SDS-
PAGE, filter paper, sponge and black/cathode side of the cassette).

2.4.6 Immuno-detection of Noggin on western blots

After the transfer, the membrane was blocked using 3% BSA in PBS /Tween for 1h at
room temperature. After the blocking, the membrane was incubated on a rotary
shaker overnight at 4°C with 10uL of anti-Noggin antibody (1:500 dilution) in 5ml 3%
BSA. Membranes were washed 3 times for 10 min in PBS tween on a rotary shaker
and incubated with 2uL anti-rabbit 1gG, horseradish peroxidase-linked species-
specific at a (1:15000 dilution) in 30ml 5% milk solution for 1h on a rotary shaker at
room temperature. Membranes were washed 3 times for 20 min in PBS tween on a
rotary shaker. Membranes were dipped in enhanced chemiluminescent substrate for
5min for detecting horseradish peroxidase, in which horseradish peroxidase cleave
the chemiluminescent and produces luminescence in proportion to amount of protein.
Films (Hyperfim™, Amersham) were developed using AGFA Curix 60 in the dark

room.
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2.4.7 Antibody stripping and membrane re-probing

After membranes were analyzed with Noggin antibody the membrane was ‘stripped
off and re-probed with housekeeping antibody (GAPDH or (-actin). In order to strip
the membrane of bound antibodies, the membrane was washed twice with TBS/T for
5min on shaker at room temperature. Then it was washed twice with PBS/T for 5min.
The membrane was blocked using BSA 3% for 1h at room temperature. Primary
antibody of the housekeeping protein (GAPDH or B-actin) was added in 1:10,000
dilution and was incubated for 1h at room temperature on shaker. Same secondary
antibody was used as described previously and washed with PBS/T. Then the
membrane was visualized using chemiluminescent substrate for 5Smin. Films

(kodak™  Amersham) were developed using AGFA Curix 60 in the dark room.
2.5 Cell Sorting using Flow cytometry BD FACS Aria

Flow cytometry was used to separate different cell populations from each other to
form highly purified cells for further specific characterization. PC3RFP were seeded
with either Sa0S2 or MG63 in co-culture experiments until cells reached specific cell
densities when cells were separated and sorted using BD FACS Aria. The separation
was based on the presence of the red fluorescent dye for which PC3RFP cells were
considered to be positive cells and osteoblasts (Sa0S2, MG63) were considered to
be negative. The purity of all cells that were used in further experiments after sorting
was above 92%.

2.6 Statistical analysis

All data were analysed using an ANOVA test (1-way analysis of variance) for more
than two group comparisons or with f test for two group comparisons data was first
tested for normality distribution if the data was normally distributed ANOVA test was
used and Bonferroni test was used as post-hoc analysis. When data not normally
distributed, ANOVA test (non-parametric Kruskal-Wallis test) was used for more than
two group comparisons or non-parametric Mann—-Whitney test was used for two
group comparisons. Dunns test was used as post-hoc analysis when ANOVA test
was used in not normally distributed data. Data were considered statistically
significant when a p-value was equal to or less than 0.05. Results are expressed as
mean = values of standard error (SME).
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3.1 Introduction

Ninety percent of patients with advanced prostate cancer develop bone metastases
(Bubendorf et al. 2000). Bone metastases associated with prostate cancer differ from
those derived from other types of cancer in that they are characterized by an
osteoblastic appearance. This is due to an imbalance between bone resorption and
bone formation where the latter is favoured in prostate cancer metastases
(Weilbaecher et al. 2011; Theriault and Theriault 2012). Bone is the most frequent
single site for prostatic cancer metastasis, which suggests that prostate cancer cells
have a specific affinity for bone both in terms of attachment and as a site for
survival/growth outside the prostate. This interaction between cancer cells and bone
microenvironment is thought to be mediated by survival/growth factors secreted by
bone and cancer cells, as well as angiogenic factors and bone resorption regulators
that promote the growth of cancer cells themselves inside a modified bone
microenvironment (Mundy 2002; Roodman 2004). In addition, bone cells secret other
growth factors such as TGF-f and BMPs which enhance the survival of prostate
cancer cells in the bone (Miyazono et al. 2010). A so called ‘vicious cycle’ of tumour
growth leading to disrupted bone turnover and release of more tumour promoting

factors has been suggested (Yoneda and Hiraga 2005).

The exact mechanisms by which prostate cancer stimulate bone growth are still
unknown. For this reason many studies have focused on soluble protein that is
secreted from the tumour cells which stimulate bone growth within the bone tumour
microenvironment (Larson et al. 2014). Several studies have shown that condition
media collected over the human prostate cancer cell line PC3 stimulated proliferation
of osteoblast-like cells (Martinez et al. 1996; Larson et al. 2014). Nishimori et al 2012
showed in his study that prostate cancer cells facilitate the differentiation of
osteoblastic cells when co-culturing prostate cancer cell line LNCaP with mouse
osteoblast MC3T3 (Nishimori et al. 2012).

Cell lines that were used in my study were a strain of human prostate cancer cell line
PC3 (PC3RFP) and human osteosarcoma cell lines SaOS2 and MG63. Growth
curves were conducted to all of these cell lines to determine their rate of growth
during the log phase and exponential phase. Serum titration curve was established to
determine the maximum and 1/2 maximal growth rates during the log phase which

will be used in further experiments.
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Aim

The aim of this study is to determine the effect of prostate cancer cells on the
proliferation and differentiation of osteoblastic cells (SaO0S2 and MG63).

Hypotheses

Prostate cancer cells stimulate the growth of osteoblastic cell lines and decrease
their differentiation.

Objectives

1- To determine basic cell growth and differentiation characteristics of prostate
cancer and osteoblast cell lines.

2- To evaluate the effect of prostatic cancer cell (PC3RFP) conditioned media (CM)
on the growth of both Sa0S2 and MG63.

3- To determine the effect of PC3RFP-CM and co-culture on the differentiation of
osteoblastic cell lines by measuring ALP activity, Alizarin red and the expression
of some of the structural protein genes associated with osteoblast differentiation
such as Runx2, Col1A and Ostrix (SP7).
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3.2 Materials and Methods

3.2.1 Materials and Disposable Equipment
Item Supplier

Triton Sigma-Aldrich

Fast p-nitrophenyl phosphate Tablets to prepare 20ml contains Sigma-Aldrich
1mg/mIPNPP and 0.2M tris buffer.

Quant-iT PicoGreen dsDNA assay kit, 10x100uL enough for 2000 Invitrogen
assays.

Alizarin Red S Sigma-Aldrich
DNase and RNase free water Invitrogen

COL1A Tagman assay Applied Biosystem
Runx2 Tagman assay Applied Biosystem
Osterix Tagman assay Applied Biosystem
Human GAPDH Tagman assay Applied Biosystem
TagMan Universal master Mix Applied Biosystem

3.2.2 Generating Growth Curves

The cells were harvested by trypsinisation and counted by using the Beckman
Coulter Vi-Cell counter as described in chapter 2 section (2.2.3 and 2.2.5). The PC3-
RFP cells were seeded at a density of 5000cell/well in a 24 well plate for growth
curve experiments. For the Sa0S-2 and MG63 growth curves, the cells were seeded
at a density of 15,000cell/well in a 24 well plate.

Cells were counted every 48h 12 days and each 48h time point was done in
quadruplicate. The average (mean) cell numbers present were calculated for each
day. The media was changed every 4 days during the growth curve and finally, a
growth curve was generated for the number of cells present on each day in culture.
In initial experiments, growth curves were done in medium containing 10% FBS to
establish the start and duration of exponential growth and this information used in
subsequent experiments to ensure cells were challenged during this growth phase.

3.2.3 Generating Serum titration curves

The cells were harvested by trypsinisation and counted by using the Beckman coulter
counter and seeded in the same density as used in the growth curve experiments for
both PC3-RFP and Sa0S-2 cell lines using the standard medium of 10% FBS.
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After 48h, cells were first washed with serum free media and then challenged with
different FBS concentration starting from (0%, 1%, 2%, 4%, 5%, 6%, 8%, 10%, 12%,
14%, 15%, and 20%).

All cells were harvested and counted on day 6, which was estimated as mid
exponential growth from 3.2.2.

3.2.4 Generating Condition media from PC3RFP cells

Ten T75 flasks were made with a density equivalent to the density that was used in
the growth curves. Seven flasks were for the collection of conditioned medium (CM)
and an additional three flasks were made for counting to monitor the growth of the
cells. The cells were seeded in standard medium with 10% FBS.

After 48h the cells were washed with PBS and transferred to DMEM containing either
2% or 4% FBS. One flask was counted on the same day. Another two flasks were
counted on day 4 and day 6. On day 6, the cells were found to be at the beginning of
the confluent phase so the medium was changed in all flasks. On day 7, the medium
was collected from the remaining flasks, transferred to a 50ml tube and centrifuged at
room temperature at 1000xg for 10 min to pellet all cell debris and dead cells. The
medium was filtered through 0.22 micrometre filter. Medium was divided into aliquots
of 5ml each and stored in -80°C. The cells in each of the seven flasks were counted
in order to know the exact number of cells present in each flask.

3.2.5 Challenging the Sa0S-2 cell with the conditioned medium (CM)

The Sa0S-2 cells were seeded in 24 well plates in the same density used for the
growth curve using standard medium of DMEM with10% FBS. After 48h, the cells
were washed with PBS and the conditioned medium was added at different
concentrations to quadruplicate cultures for each specific concentration (2%, 5%,
10%, 25%, 50%, 100% conditioned medium). The cells were counted on day 6 in the
middle of the exponential growth and on day 10 at the end of the exponential growth.
The same experiment was repeated but by using the concentration that was

associated with the maximum observed growth.

3.2.6 Analysis of the effect of condition media (CM) on the proliferation of
Osteoblastic cell lines

The cells were harvested by trypsinisation and counted as described in chapter 2
sections (2.2.3 and 2.2.5). The same seeding density was used in Sa0S2 and MG63
that were used in growth curves in the 24 well plate using 50%CM containing either
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2% (Saos2) or 4% (MG63) FBS. This was compared to controls for each type of cells
grown in half maximum FBS concentration in standard DMEM media, which were
2%FBS for the Sa0S2 cells and 4% with MGG63 cells.

Cells were counted every 48h until day 12 and each 48h was done in quadruplicate
and the mean cell numbers calculated for each day. The media was changed every 4
days during the growth curve in all groups.

3.2.7 Differentiating MG63 by using differentiation media

MGG63 are considered to be an undifferentiated osteoblast cell line. These cells were
differentiated by differentiation media. Differentiation media was prepared by adding
10mM B- glycerophosphate and 50ug/ml of Ascorbic acid in the standard DMEM
with4% FBS. The differentiation of MG63 was detected by measuring alkaline
phosphatase (ALP) and alizarin red over 4 weeks. MG63 was seeded in nine 96 well
plates (3000cells/well) for measuring ALP activity and in nine 24 well plates (15,000
cells/well) for measuring alizarin red in standard DMEM with 4%FBS. After 24 hours
ALP activity and alizarin red were measured in the first 96 well plate and 24 well plate
respectively. The media was changed to the differentiation media in the rest plates
and ALP activity and alizarin red was measured on the days 2, 4, 7, 10, 14, 21 and
28. Media was changed regularly every 4 days.

3.2.8 Analysing the effects of condition media on the proliferation of
differentiated MG63

After differentiation, MG63 cells were used to generate growth curves using 50% CM
and DMEM 4% FBS as control. The same seeding density was used in previous
growth curves in the 24 well plate.

Cells were counted in quadruplicate cultures every 48h until day 12 and the mean
cell number was calculated for each day. The media was changed every 4 days
during the growth curve in all groups.

3.2.9 Analysis of the effects of condition media and co-culture on the
differentiation of Osteoblastic cell lines

The effects of challenging osteoblast cell lines with condition media collected over
PC3RFP cells and of growing PC3RFP together with the osteoblasts in co-culture, on
the differentiation of osteoblastic cell lines Sa0S2 and MG63 were determined by
measuring alkaline phosphatase (ALP) activity, alizarin red and the expression of

differentiation genes such as COL1A, Osterix and Runx2. These assays were first
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done 24h after seeding the cells as base line and then after every 48h until day 12.
For both Sa0S2 and MG63, ~ 3000cells/well were seeded in 96 well plates for ALP
activity assay. ~ 15,000 cells/well in the 24 well plates and ~ 66,000 cells/75cm? in
the T75 flasks for molecular biology assays. For the PC3RFP cells, which were used
in the co-culture experiments, the cells density was 5000cells/well in 24 well plates, ~
940 cells/well in 96well plate and ~ 220,000 cells/75cm? in T75 flasks. Figure 3.1
describes the seeding of cells in the 96 well plate.

In 2%DMEM In 50%CM
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Figure 3.1 Summarizes the design for the seeding of osteoblast cells in the 96 well plate for
measuring ALP activity.

A: represents the control osteoblasts seeded in medium containing their respective half maximum FBS
concentration compared to osteoblasts grown in CM containing the same, respective FBS
concentrations. B: represent the control osteoblast seeded in half maximum FBS compared to
osteoblast in co-culture.

3.2.9.1 Alkaline phosphatase activity assay

Osteoblasts show alkaline phosphatase activity, which is increased during
differentiation. ALP was also analysed in PC3RFP cultures over time courses.
Alkaline phosphatase can easily be measured by using p-Nitophenyl phosphate
(PNPP) as a soluble substrate that gives a yellow color when it reacts with ALP. The
intensity of color can be measured by spectrophotometer at wavelength of 405 nm
(Xiao et al. 2006). Cells were washed twice with ice cold phosphate buffer saline
(PBS) and permeabilised with 20ul of 0.1% Triton and were incubated on a shaker
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for 20 min at room temperature. One pNPP Tablet and one tris buffer Tablet were
dissolved in 20ml of water and 200ul of this solution were added carefully to the cells.
ALP activity was measured by reading the absorbance at 405nm every 5min for 90
min. The following formula was used to calculate ALP activity

(0D(t1)—0D(t0)x1000xTotal volume

ALP activity = —
Timexe(18.75)xPathlength(0.0639)xsamplevolum

Where ODy) is the last optical density, ODy) is the start optical density, € is constant
and path length is the length of 200 volume of sample in 96 well plate. The value of
ALP activity is expressed as U/ml/min/ug DNA.

3.2.9.2 PicoGreen assay
Alkaline phosphatase activity was normalized with osteoblast DNA concentration

using the picogreen assay. PicoGreen double-strand DNA (dsDNA) quantitation
reagent is a fluorescent nucleic acid stain used to quantify dsDNA (Xiao et al. 2006).
1X of TE buffer was prepared from 20X stock solution by adding 1ml of the 20X to
19ml of DNase free water. DNA standard with 2ug/ml concentration was prepared by
adding 8ul of 100ug/ml DNA standard stock to 392ul of 1X TE buffer. A typical
standard curve was prepared according to Figure (3.2).
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Figure 3.2 illustrate the DNA standard curve and the concentration that were used in the
picoGreen assay.

Different DNA standard concentration was prepared from 2ug/ml DNA stock solution to form the
following concentrations (5, 10, 20, 40, 60, 80 and 100) ng/well. 100 pl of 1X TE buffer was added to
DNA standard and unknown. 100ul of 1:200 dilution of picoGreen reagent was added to each
unknown and standard samples. The DNA was then measured by exciting samples at 485nm and
detecting fluorescence emission intensity at 530nm.

100ul of 1X TE buffer was added to standard and unknown DNA concentration of the
osteoblast in a 96 well plate. 100ul of 1:200 dilution of picoGreen reagent was added
to each unknown and standard samples, and incubated in the dark at room
temperature on a shaker for 5min. The DNA was then measured by exciting samples

at 485nm and detecting fluorescence emission intensity at 530nm.

3.2.9.3 Alizarin red staining
When osteoblasts become fully differentiated they start to deposit calcium in the

matrix. Calcium can be specifically stained bright orange-red using Alizarin red. Cells
were washed twice with cold PBS and fixed with 1ml of ice cold 100% ethanol for 1h
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at 4°C. Cells then were rehydrated with water for Smin. 1ml of 1% alizarin red (pH
4.2) was added to each well and incubated for 10min at room temperature. The stain
was removed from the plate and the cells were washed several times to remove
excess stain. The plates were allowed to dry overnight at 25°C. ImageJ software was
used to quantify the red colour of alizarin orange/red staining.

3.2.9.4 Differentiation gene expression (Runx2, Osterix and COL1A)
Cells were seeded in seven T75 flasks for generating RNA to assess the expression

of genes involved in osteoblast differentiation, 24 hour after seeding and every 48 h
until day 12. Cells were washed twice with PBS, total RNA was extracted from
primary osteoblasts, and cDNA was synthesized as described in Chapter 2 section
(2.3.5). Runx2 mRNA, COL1A2 mRNA and Osterix mRNA primers (see Table 3.1 in
materials and methods) were used to quantify the expression of these genes during
osteoblast differentiation using TagMan Universal Master Mix (Applied biosystems,
UK). Specific gene of interest expression levels were normalized by using GADH as
housekeeping gene Chapter 2 section (2.3.6). In co-culture experiments, populations
were sorted using FACS Aria and the PC3-RFP separated from Saos2/MG63 on the
basis of red fluorescence. The purity of all cells that were used in all further
experiments after sorting was above 92%. RNA was then extracted from separate
populations as above.
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3.3 Results

3.3.1 Characterization of Osteoblastic cell lines

In order to study the basic growth and differentiation characteristics of osteoblastic cell
lines (SaO0S2 and MGG63), growth curves were done followed by serum titration curve.
Growth curves were initially conducted using standard media DMEM with 10% FBS. Both
cell lines had an exponential growing phase that started when cells reached ~10,000
cells on day 2 in a 24 well plate and finishes around day 8. However, SaOS2 cells
tended to grow at a slower rate in Figure (3.3) (A) and Figure (3.4) (A) respectively.

FBS concentrations significantly modulated the growth of both cell lines SaOS2 and
MG63 in a concentration dependent manner (1 way ANOVA, Bonferroni). Within the
range 0-20% FBS DMEM both cell lines had their maximum growth at a concentration of
10% FBS DMEM and had a half maximum cell growth at concentrations of 2% and 4%
respectively at day 6 Figure (3.3) (B) and Figure (3.4) (B). Growth curves were also
conducted at the half maximum serum concentration to define the growth characteristics
of both cell lines Figure (3.3) (A) and Figure (3.4) (A) respectively.
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Figure 3.3 Characterization of SaOS2 cell.

(A) Representative growth curves in both concentration maximum and half maximum Showing the
beginning of the exponential phase around day 2 and ending around day 8. (B). Serum titration curve
of the Sa0S2 cells showing maximum growth at 10% with half maximum at 2% P=0.001 (1 way
ANOVA, Bonferroni). All data are displayed with meant SEM of 3 independent experiments.
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Figure 3.4 Characterization of MG63 cells.

(A) lllustrating growth curve in both concentration maximum and half maximum (B). lllustrate Serum

titration curve of the MG63 cells showing maximum growth at 10% with half maximum at 4%. All data
are displayed with meant SEM of 3 independent experiments.

3.3.2 Characterization of the PC3-RFP prostate cancer cell line
Growth curves were initially conducted for PC3RFP using the standard DMEM 10%FBS
to define the onset and duration of exponential growth. PC3RFP had an exponential
growing phase that started when cells reach ~10,000 cells on day 2 in a 24 well plate
and finished around day 8 Figure (3.5) (A). FBS concentrations significantly modulate the
growth of the PC3RFP cell line in a concentration dependent manner (1 way ANOVA,
Bonferroni). Within the range 0-20% FBS DMEM cells had their maximum growth at a
concentration of 10% FBS DMEM and had a half maximum cell growth at a

concentration of 2% at day 6 Fig (3.5) (B). Another growth curve was done using the half
maximum FBS concentration Figure (3.5) (A).
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Figure 3.5 Characterization of PC3RFP cell.
(A) Growth curves in both concentration maximum and half maximum (B) Serum titration curve of the

PC3RFP cells showing maximum growth at 10% with half maximum at 2% with P=0.002 (1 way
ANOVA, Bonferroni). All data expressed as mean + SEM of 3 independent experiments.
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3.3.3 Studies of the effect of various conditioned media concentrations on the
growth of osteoblastic cell lines.

Osteoblastic cells were challenged with different conditioned media concentrations,
collected over PC3RFP, in order to select the best concentration to use in further
experiments. The concentrations tested were: 0, 5,10,25,50 and 100%. SaOS2 were
counted in two time point day6 and day10 Figure (3.6) (A) and Figure (3.6) (B)

respectively. Maximum cell number was found to be associated with 50% on day10.
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Figure 3.6 Assessment of the effect of different CM concentrations on the growth of Sa0S2
cells during exponential growth.

(A) lllustrates the number of SaOS2 counted on day 6 (B) lllustrates the number of SaOS2 counted on
day10. All data expressed as mean + SEM of 3 independent experiments.

3.3.4 Studies of the effects of conditioned media on the proliferation of
Osteoblastic cell lines

Growth curves were done with both Sa0S2 and MG63 cells using 50% conditioned
media (CM) to test the effects on the proliferation of osteoblastic cell lines Sa0S2
and MGG63. Conditioned media significantly stimulated the growth of SaOS2 (p<0.05,

1way ANOVA, Bonferroni) Figure (3.7) but it did not have a significant effect on
MGG3 cells Figure (3.8).
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Figure 3.7 Conditioned media (CM) increased the proliferation of SaOS2 cells.

Growth curves showing the effect of 50% conditioned media (2% FBS) on the growth of SaOS2 cells
compared to their growth in standard, unconditioned medium containing 10%FBS of fresh media (FM)
or half maximum 2%FBS (FM). Conditioned media (CM) stimulated the growth of SaOS2 cell p<0.05
(1way ANOVA, Bonferroni). All data expressed as mean + SEM of 3 independent experiments.
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Figure 3.8 Conditioned media (CM) did not affect the proliferation of MG63 cells.

Growth curves showing the effect of 50% conditioned media (4% FBS) on the growth of MG63 cells
compared to their growth in standard, unconditioned medium containing 10%FBS fresh media (FM)
and half maximum 4%FBS (FM). All data expressed as mean + SEM of 3 independent experiments.
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3.3.5 Differentiating MG63 cells by using differentiation media

ALP activity and Alizarin red were measured in MGG63 cells grown in differentiation
media for 4 weeks. The activity of ALP enzyme was measured initially on day 1
before the addition of the differentiation media and then on days 2, 4, 7, 10, 14, 21
and 28. ALP activity increased at the beginning of the experiment showing maximum
level during day 4 Figure (3.9) (A). The density of alizarin red was measured in MG63
cells on the same days as ALP activity was measured. The density of stain colour
increased with time until day 21, indicating an increase in the calcification of MG63
Figure (3.9) (B).
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Figure 3.9 Assessment of the effects of differentiating media on MG63.

(A) illustrates the level of ALP activity in MG63 cells during 4 weeks under the influence of
differentiating media containing 10mM (- glycerophosphate and 50uL ascorbic acid. ALP activity was
measured at day O before the addition of the differentiation media and continue to be measured
afterword during (2, 4, 7, 10, 14, 21, 28) days, Showing maximum level on day 4. (B) illustrates the
density of alizarin red stain in MG63 cells during 4 weeks under the same conditions.

3.3.6 Assessment of the effects of conditioned media on the proliferation of
differentiated MG63

MG63 were differentiated for 4 days using differentiation media. Growth curves were
then done using differentiated MG63 grown in standard 4% media and in 50% CM
(4% FBS). Growth in these cultures was compared with that of undifferentiated cells.
Both differentiated and undifferentiated MG63 were not affected by CM (Figure 3.10).
Since there were no difference between differentiated and undifferentiated MG63 the
undifferentiated MG63 were used in all other experiments.
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Figure 3.10 Condition media had no effect on the proliferation of differentiated MG63 cells.

Growth curves show the effect of 50% condition media on the growth of differentiated MG63 cells
grown in standard 4% media and in 50% CM compared to the growth of undifferentiated MG63 grown
in 4% media and in 50% CM. There was no difference between differentiated and undifferentiated
cells grown in 50% CM and CM had no effect on the growth of either differentiated or non-
differentiated cells. All data is expressed as mean + SEM of 3 independent experiments.

3.3.7 Assessment of the effect of CM and co-culture on the differentiation of
osteoblastic cell lines

3.3.7.1 Analysis of alkaline phosphatase activity in osteoblasts
Alkaline phosphatase activity was measured as an early indicator of osteoblast

differentiation in both osteoblast cell lines, Sa0S2 and MG63, grown individually in
their respective standard medium containing half maximum FBS concentrations (2%
and 4% respectively) compared to 50% CM containing the same respective serum
concentrations and growing in co-culture together with PC3RFP. Co-culture
experiments were also done in the respective half maximal serum concentration for
each osteoblast cell line. Conditioned media significantly decreased the
differentiation of the SaOS2 cells on days 1, 2, 6, 8, 10 and 12 (1 way ANOVA,
Bonferronis n=3, p<0.0019, p<0.0036, p<0.0036, p<0.0001, p<0.0057 and p<0.0003
respectively, Figure 3.11). In addition, growing the Sa0OS2 cells in direct contact with
PC3RFP had a similar effect on their differentiation during day1, 2, 4, 6, 10 and 12
(TwayANOVA, Bonferronis n=3, p<0.0019, p<0.0019, p<0.0001, p<0.019, p<0.0057
and p<0.0001 respectively) Figure (3.11). Conditioned media showed the same effect
of decreasing the differentiation of MG63 cells on day 1, 2, 6, and 10 (1 way ANOVA,
Bonferronis n=3, p<0.0001, p<0.0001, p<0.019 and p<0.0057 respectively) as seen
in Figure (3.12). Growing MG63 together with PC3RFP inhibited MG63 differentiation
only at the beginning of the experiment until day 4 (1 way ANOVA, Bonferronis n=3,

p<0.0057, p<0.0001and p<0.0001) but stimulated their differentiation on day 6 and
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10 only (1 way ANOVA, Bonferronis n=3, p<0.003 and p<0.0001) Figure (3.12). All
data for the effects of CM and co-culture in both cell lines presented in Figures 3.11
and 3.12 are compared in Figure 3.13. ALP was measured in cultures of PC3RFP
cells grown alone, on day 1,2,4,6,8,10 and 12 Figure 3.14. ALP levels were around
1U/ml/min/ug DNA on day 1 and 2 but then declined <0.5 U/ml/min/ug DNA at all
other time points. This suggests that PC3RFP derived ALP did not significantly
contribute to levels measured in co-culture with SaOS2 (levels >400 U/ml/min/ug
DNA in all cultures) but may have a small contribution to the levels present in MG63

co-cultures where ALP levels were lower.
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Figure 3.11 Differentiation of SaOS2 cells were decreased by CM.

The graphs illustrate ALP activity in SaOS2 cells grown individually in standard medium (2% FBS)
compared to 50%CM and in co-culture with PC3RFP over 12 days. Conditioned media significantly
decreased differentiation of SaOS2 on days, 6, 8, 10 and 12 p<0.0019, p<0.0036, p<0.0001, p<0.0057
and p<0.0003 respectively. The co-culture group showed significant increase during day1, 2, 4, 6, 10
and 12 p<0.0019, p<0.0019, p<0.0001, p<0.019, p<0.0057 and p<0.0001 respectively (1 way ANOVA,
Bonferronis). All data is expressed as mean + SEM of 3 independent experiments.
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Figure 3.12 Differentiation of MG63 cells was decreased by CM and co-culture at some time
points.

The graphs show ALP activity in MG63 cells grown individually in standard medium (4% FBS)
compared to 50% conditioned media and in co-culture with PC3RFP during 12 days. Conditioned
media decreased differentiation of MG63 with statistically significance on days 1, 2, 6 and 10
(p<0.0001, p<0.0001, p<0.019 and p<0.0057 respectively). Co-culture significant decreased
differentiation in MG63 only on days 1, 2 and 4 (p<0.0057, p<0.0001 and p<0.0001 respectively).
Differentiation increased in the co-culture group starting from day6 until day12 but showing
significance only at day6 and 10 p<0.003 and p<0.0001 respectively (1 way ANOVA, Bonferronis). All
data is expressed as mean + SEM of 3 independent experiments.
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Figure 3.13 Differences in ALP activity in Osteoblastic cell lines evaluated over 12 days in the
presence/absence of CM or co-culture with PC3RFP.

(A) ALP activity in SaOS2 cells (B) ALP activity in MG63 cells.
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Figure 3.14 Differences in ALP activity in PC3RFP cell lines evaluated over 12 days.

ALP was measured in cultures of PC3RFP cells grown alone, on day 1,2,4,6,8,10 and 12. On day 1
and 2 ALP levels were around 1U/ml/min/ug DNA but then declined <0.5 U/ml/min/ug DNA at all other
time points.
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3.3.7.2 Analysis of mineralisation measured by alizarin Red staining in
osteoblastic cell lines

Alizarin red was used to assess mineralization in osteoblastic cells. The SaOS2 cells
started to mineralize from day 6. In the SaOS2 co-culture group mineralization
increased significantly on days 8, 10 and 12 (1 way ANOVA n=3, p<0.0073,
p<0.0097 and p<0.018 respectively) as seen in Figure (3.15). In MG63 mineralization
started by day 2, earlier than in cultures of SaOS2 cells Figure (3.16). Conditioned
media significantly increased the mineralization only at day 4 while, mineralization in
MGG63 co-culture group was significantly induced at day 8 compared to control (1way
ANOVA, Bonferroni) n=3, p<0.019 and p<0.019 respectively) Figure (3.17). The
mineralization increased over time in all groups in all osteoblastic cell lines Figure
(3.18).
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Figure 3.15 Mineralisation in SaOS2 cells was significantly increased in co-cultures with PC3-
RFP but not by CM.

Graphs show mineralization (assessed by Alizarin Red staining) was increased significantly in co-

culture group on days 8, 10, and 12 (p<0.0073, p<0.0097 and p<0.018 respectively) (1 way ANOVA,
Bonferroni). All data expressed as mean + SEM of 3 independent experiments.
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Figure 3.16 Differences between Sa0S2 and MG63 in Alizarin Red staining during 12 days.
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Figure 3.17 Mineralization in MG63 was varyingly affected by CM and in co-cultures with
PC3RFP.

Graphs show that mineralization (assessed by Alizarin Red staining) increased significantly in
condition media group at day 4 and on day 8 in the co-culture group (p<0.019 and p<0.019
respectively) (1 way ANOVA, Bonferroni). All data is expressed as mean + SEM of 3 independent

experiments.
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