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ABSTRACT: Prostate cancer (PC) is one of the most common cancers arising in men and has a high propensity for bone metastasis, particularly to the

spine. At this stage, it often causes severe morbidity due to pathological fracture and/or metastatic epidural spinal cord compression which, if untreated,

inevitably leads to intractable pain, neurological deficit, and paralysis. Unfortunately, the underlying molecular mechanisms driving growth of secondary

PC in the bony vertebral column remain largely unknown. Further investigation is warranted in order to identify therapeutic targets in the future. This

review summarizes the current understanding of PC bone metastasis in the spine, highlighting interactions between key tumor and bone-derived factors

which influence tumor progression, especially the functional roles of osteoblasts and osteoclasts in the bone microenvironment through their interactions
with metastatic PC cells and the critical pathway RANK/RANKL/OPG in bone destruction.
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Introduction

Prostate cancer (PC) is the fifth most commonly diagnosed
cancer type globally and the second most common disease
causing mortality in males.! Five-year survival rates for local-
ized PC are high (almost 100%), however this drops to less
than 33% in patients with metastatic disease.? Over 90% of
patients with advanced PC develop bone metastases, with the
most common site of establishment being the spine.3* These
patients are at risk of suffering due to severe symptoms such as
bone pain and instability, pathological fracture, neurological
deficit, and metastatic epidural spinal cord compression which
may ultimately cause paralysis.>® Despite advances in opera-
tive and non-operative management of symptomatic bone and
spinal metastases from PC, treatment options are mainly pal-
liative and are limited in efficacy in cases of severe bone loss
and destruction, pathological fracture, and bony instability.

There is currently no effective therapy for advanced metastatic
PC in terms of substantially improving morbidity and pro-
longing survival.” This review summarizes the interactions of
the tumor with the bone microenvironment and the role of
the bone remodeling cells, osteoblasts and osteoclasts, in the
spread of metastatic PC to the bony skeleton and spine.

Spinal Metastasis in PC

In the early stage of PC, localized PC cells are confined to
the lobes of the prostate and, depending on the Gleason score
(a histopathological method of grading PC), active surveil-
lance, radical prostatectomy or radiotherapy are the current
first line treatment options.® When the disease progresses,
tumor cells develop a more aggressive phenotype which
enables them to grow outside their initial localized surround-
ing, precipitated by genetic mutations as well as interactions
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and stimulation from the local environment.3 Paget® proposed
the “seed and soil” theory in 1889, whereby neoplastic tumor
cells metastasize only to specific environments based on suit-
ability for growth.®? Indeed, it has been suggested that the
highly vascularized nature of the axial skeleton provides such
an environment and the spine is the commonest site of skeletal
metastasis secondary to PC.10

The emerging importance of stem cells in PC associ-
ated bone metastasis. PC was originally thought to be due
to abnormal proliferating epithelial cells. However more
recently has been shown to involve complex interactions
between PC epithelial cells and the surrounding stromal tis-
sue. Multiple signaling pathways provide cross-talk between
these compartments via androgen receptors, tyrosine kinase
receptor signaling, and immune surveillance. The cancer stem
cell (CSC) hypothesis proposes that there is a small subpopu-
lation of cancer cells that are more resistant to chemother-
apy and toxicity.!! These cells are able to drive tumor growth
and metastasis, thus leading to relapse following treatment.
CSCs are more resistant to stress induced by chemotherapy,
with an increased expression of anti-apoptotic molecules and
a reduced expression of pro-apoptotic genes.! Furthermore,
it is suggested that these cells exhibit preferential activation
of DNA damage checkpoint response and increased capacity
for repair, thus chemotherapy may enrich the CSC popula-
tion within tumors by eliminating sensitive cells.!* Multipo-
tent mesenchymal stem cells (MSCs) found within the bone
marrow have recently been identified as playing an important
role in supporting PC growth and survival in bone. These
cells possess properties of self-renewal and repair, migrating
towards active tumorigenesis and integrating into the niche
contributing to the development of cancer-associated fibro-
blasts. Consequently, because of their tumor-tropic migra-
tory response, MSCs are emerging as promising anti-cancer
agents.!2 PC cells require an invasive capacity which is stimu-
lated through type I collagen from bone marrow MSCs, induc-
ing the secretions of proteases from PC cells.!® In addition,
stromal derived factor 1o. (SDF10) receptor and CXC chemo-
kine receptor-4 (CXCR4) are essential for metastatic spread,
allowing tumor cells to chemoattract towards bone and eas-
ily access bone marrow cellular niches, ultimately promoting
survival and growth. Furthermore, SDFlo promotes tumor
angiogenesis by attracting endothelial cells to the tumor.!*
Therefore, CSCs constitute a repository niche of androgen-
insensitive and chemotherapy-resistant cells responsible for
secondary metastatic progression. As such, they are an inte-
gral target for the cessation of PC progression.

The role of epithelial to mesenchymal transition in
metastatic progression. PC is of epithelial origin and the
process of epithelial to mesenchymal transition (EMT) is a
critical step in the conversion of early stage cancer to an inva-
sive and metastatic cancer in advanced disease progression.!®
EMT is a process whereby polarized epithelial cells convert
into motile mesenchymal cells by undergoing phenotypic

transitions during malignant progression.!® Consequently,
these cells acquire stem cell-like properties which permit resis-
tance to treatment, adhesive and invasive capacity, changes in
morphology and cellular architecture, migratory potential,
and the ability to undergo metastatic progression.!®!” These
cancer cells are thought to hijack core biological processes
through key initiating events such as genetic mutation and
activation of important oncogenic pathways involved in regu-
lating cell proliferation and migration, cross-talk, angiogen-
esis, and epithelial-mesenchymal signaling.!”

Pathological EMT in tumor cells occurs as a result of
transcriptional reprogramming of abnormal survival signals
via receptors such as fibroblast growth factor receptor (FGFR),
platelet-derived growth factor receptor (PDGFR), transform-
ing growth factor-B receptor (TGF-BR), and insulin-like
growth factor-1 receptor (IGF-1R), as well as regulatory kinases
such as phosphoinositide 3-kinase (PI3K), protein kinase
B (AKT), and mammalian target of rapamycin (mTOR). These
factors contribute to bone metastasis through molecular cross
talk which is mediated by cytokines and other paracrine fac-
tors including vimentin, N-cadherin, platelet-derived growth
factor (PDGF), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), and Notch-1."® These factors are
expressed by the circulating tumor cells and are also able to
acquire bone-like properties through transcriptional repro-
gramming of abnormal survival signals through independent

activation of signaling pathways.!”18

Xu et al’ reported that PC cells undergo EMT through
cellular interactions with the host microenvironment, increas-
ing the metastatic potential to bone.'”? A hallmark of EMT
is the functional loss of epithelial cell markers and transmem-
brane adhesion glycoproteins E-Cadherin, cytokeratins , and
[-catenin; factors which are proposed to suppress cancer pro-
gression.?’ In this process, mesenchymal cell markers, namely
N-Cadherin, fibronectin and Vimentin, are produced. These
factors are found at the invasive front between the tumor
and interacting microenvironment, signaling pathways that
facilitate migration and survival.?! Zhau et al demonstrated
the plasticity of cancer cells which, upon induction via these
soluble factors, developed the ability to express markers found
in osteoblasts; a phenomenon known as ‘osteomimicry.??
These factors include osteocalcin (OC), bone sialoprotein
(BSP), osteopontin (OPN), non-collagenous bone matrix pro-
teins, and receptor activator of nuclear factor kappa-B ligand
(RANKL), which together allow cancer cells to survive and
thrive within the bone microenvironment.??

Matrix metalloproteinases (MMPs), particularly mem-
brane type 1 MMP (MT1-MMP), have been reported in PC
EMT through both paracrine and autocrine pathways and
are capable of cleaving E-cadherin, thus disrupting its func-
tion by interfering with cell adhesion and polarity of the cells.!®
Furthermore, secreted MMPs (MMP-2, -3, -9, 28) have been
implicated in PC cell EMT.®> MMP proteolysis serves a

path-clearing mechanism in facilitating the movement of
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cancer cells or groups of cells through the extracellular matrix
(ECM).% Cleavage of certain ECM components leads to the
unmasking of sites, generating fragments with new biological
activities and modulating migration, growth and angiogenesis.??

Bone enriched growth factors, cytokines, proteases, and
components of the ECM in bone marrow, provide a hospitable
environment for harboring circulating PC cells.?* The process
of metastasis is dependent on both the intrinsic properties of
tumor cells as well as the response of the host bone microen-
vironment.?> Studies using bone xenograft models have dem-
onstrated that injection of PC cells adjacent to bone leads to
cancer cell migration towards bone.?¢ Thus, it appears that a
bidirectional interaction between bone cells within the bone
microenvironment and the PC cells exists, which facilitates
tumor growth in the spine.?” During PC progression to meta-
static disease, cancer cells acquire characteristics that promote
interactions with the local microenvironment.? The tumor
releases vascular endothelial growth factor (VEGF), which ini-
tiates angiogenesis, the process of new blood vessel formation
leading to an enhanced blood supply to the tumor.® The sur-
rounding stromal cells produce growth factors and cytokines
such as transforming growth factor-B (TGF-), insulin-like
growth factor (IGF), fibroblast growth factor (FGF), PDGF,
and bone morphogenetic proteins (BMPs) that can act directly
on cancer cells as well as induce angiogenesis, and stimulating
growth and spread of the tumor.2¢ Disruptions to intracellular
adhesion lead to detachment and dissemination of the tumor
cells from the primary site, followed by local invasion into the

blood vessels and lymphatic system, extravasation, migration,
and invasion of the bone marrow.>?® The tumor cells prolifer-
ate and colonize bone through migration and adherence, fol-
lowed by degradation of the ECM.? Once PC cells enter the
bone compartment, close interactions with factors of the sur-
rounding bone cells, matrix, and the environment occur in a
reciprocal fashion via cytokine mediators, which allow osteo-
blastic, osteoclastic, and mixed lesions to form.?> The mecha-
nism by which PC metastasizes to bone within the spine is
illustrated in Figure 1.

A rich venous plexus known as Batson’s plexus, sur-
rounds the prostate and connects to the venous drainage of
the spine.?’ This collection of veins provide a migratory route
for tumor cells to localize in the lumbosacral region spinal
metastases, which is a common occurrence in advanced PC.3

Normal Bone Physiology and Remodeling

Bone physiology is a balanced and dynamic state consisting of
continuous and coordinated cycles of bone formation by osteo-
blasts and bone resorption by osteoclasts, critical for main-
tenance of the structural integrity of bone.3® Osteoblasts are
derived from MSCs of bone marrow stroma and synthesize
and secrete proteins that form the ECM of bone, facilitating
the deposition and mineralization of bone while maintaining
the structural integrity of the skeleton.3!:3? Formation of bone
via osteoblasts involves the production of type 1 procollagen.
'This undergoes processing, modification, and secretion form-
ing cross-linked arrangements whereby osteoblasts become
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Figure 1. Mechanisms involved in bone metastasis. At the primary site within the prostate, the tumor secretes factors which promote growth and
angiogenesis. It also secretes factors that allow detachment from primary site and migration into blood vessels. Cancer cells then migrate through
the blood circulation and are attracted towards bone. Subsequent extravasation and growth within and invasion of bone occurs involving complex
interactions between the tumor and the local bone microenvironment. This ultimately leads to osteoclast-induced bone destruction and pathological
fracture, and the expanding tumor mass impinges on the adjacent neural structures and spinal cord, causing neurological deficit and paralysis.
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osteocytes once embedded in the bone. The newly formed
bone matrix induced by osteoblasts is subsequently mineral-
ized with the deposition of hydroxyapatite crystals to increase
the resistance to compression.? Osteoblasts are also respon-
sible for the regulation of osteoclastic bone resorption via
the secretion of factors that induce osteoclast differentiation,
activation, and survival.3*34 The differentiation and growth
of osteoblasts is regulated by complex signaling pathways
including BMPs, IGFs, TGF-B, and Wnt.? Differentiated
osteoblasts secrete growth factors that become embedded in
the bone matrix during formation.*® These factors are released
into the microenvironment during the bone resorption pro-
cess.*® Runt-related transcription factor 2 (Runx2) is the mas-
ter transcription regulator of osteoblast differentiation and
is over-expressed in PC metastasizing to bone.’” It has the
ability to increase oncogenic potential through the regulation
of genes involved in metastasis and invasion, which facili-
tate interactions between the tumor and bone microenviron-
ment causing severe osteoblastic lesions.*® Runx2 functions
in many regulatory processes such as the suppression of cell
growth, epigenetic control of genes in mitosis, and bone turn-
over, which become unregulated in PC.38

Osteoclasts are derived from hematopoietic cells of the
monocyte-macrophage myeloid lineage. These cells form
through the cytoplasmic fusion of their mononuclear precursor
resulting in multinucleated bone resorbing cells.*3 The dif-
ferentiation and maturation of osteoclasts is regulated through
cytokines released from osteoblasts.? The cytokine macrophage
colony stimulating factor (M-CSF) controls proliferation and
promotes survival of osteoclast precursors.*® Furthermore, it
stimulates activity in the mature resorbing cells such as prolif-
eration, motility, and cytoskeletal organization.? Osteoclasts
are involved in the process of bone resorption; the degrada-
tion of mineral matrices such as calcified cartilage and bone
during growth and development, skeletal homeostasis, repair,
and remodeling.3* They tightly adhere and bind to the bone
surface through polarization via avB3, avf35, and 021 inte-
grins, using actin-rich podosomes to form sealed cytoplasmic
extensions (transcytotic vesicle or vacuole) with the underlying
bone matrix.?® Within this zone, they form a ruffled border
membrane, which increases surface area and enables secretion
of acid proteases, lysosomal enzymes, protons, and Cathep-
sin K onto the extracellular compartment of the bone surface.?
These secretions are essential for bone matrix solubilization
and acid protease induced digestion of the organic matrix.2
Tartrate resistant acid phosphatase 5b (TRAPS5D) is integral
to the bone matrix digestion process. TRAPS5b mediates two
functions: phosphatase activity, which facilitates enzymatic
degradation of bone, and the generation of a reactive oxygen
species, which degrades collagen.* Osteoclastic bone destruc-
tion results in disintegration of the collagen from within the
matrix as well as the release of calcium, growth factors, and
cytokines.*? Osteoclastic action is highly up regulated in
PC leading to excessive bone destruction.?*} The overall rate

of osteoclastic bone resorption can be regulated on multiple
levels including the differentiation rate from the monocyte-
macrophage precursor pool, regulation of mature osteoclast
activity through key functional proteins, and through the
mature-differentiated survival rate.** The origin, function,
and regulation of osteoblasts and osteoclasts are described
in Figure 2. These processes are tightly regulated in normal
bone remodelling where there is equal bone destruction and
bone formation, with no net change in overall bone mass.
However, in the presence of PC cells, these process become
highly disrupted and unregulated, leading to bone destruction
and replacement by tumor.? The bone marrow consists of not
only osteoblasts and osteoclasts, but also hematopoietic cells,
adipocytes, and immune cells. Together, the bone matrix and
abundant growth factors secreted by these cells make the bone
microenvironment a complex and fertile environment for
tumor growth.?

Pathological Bone Turnover in PC Bone Metastasis

The bidirectional interactions of bone cells (osteoblasts
and osteoclasts) with PC cells not only suggest that tumor-
derived growth factors affect bone cells, but also that cells
in the bone microenvironment stimulate metastatic tumor
growth and progression. The pathological condition of bone
is caused by dysfunctional signaling mechanisms for bone
remodeling due to the presence and influence of the invading
tumor, thus resulting in the destruction of bone. Within the
bone matrix there are several factors, such as TGF-B, IGF,
FGF, and PDGEF, which are stored during bone formation
and released during resorption.** In PC, close cross-talk
between the bone microenvironment and the tumor results
in the release of these growth factors into the microenviron-
ment, up-regulating differentiation and activity of osteo-
blasts, the bone forming cells, and subsequently osteoclasts
(bone resorbing cells).*”*® Increased production and release of
these growth factors from dissolved bone during uncontrolled
turnover and remodeling results in co-stimulation of bone
and tumor cells. Consequently, enhanced tumor survival,
growth, proliferation, as well as osteoclastogenesis and accel-
erated bone destruction, occurs.*’ Osteoblastic, osteoclastic,
and mixed lesions can occur in PC skeletal metastases, due
to an imbalance between osteoblastic mediated bone forma-
tion and osteoclast mediated bone resorption.*® In particular,
PC is known to often cause osteoblastic lesions®! caused by
over-expression of numerous pro-osteoblastic factors, such
as RANKL, parathyroid hormone-related protein (PTH1P),
BMPs, TGF-B, IGFs, FGFs, interleukins (ILs), PDGF, and
VEGEF, leading to un-regulated osteoblastic function via the
activation of proliferation and differentiation signaling path-
ways such as Wnt.’? Furthermore, conditions within the
bone environment, such as increased calcium release, hypoxia,
and acidity, allow the tumor to thrive.?®3 The newly formed
bone contains ECM proteins such as Type I collagen, osteo-
nectin, and BSP, which act as chemoattractants to PC cells
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Figure 2. The origin, function and regulation of osteoblasts & osteoclasts in bone physiology. Bone turnover is maintained through the
homeostatic balance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption. Commitment to the monocyte/
macrophage/osteoclast lineage leading to survival and proliferation is dependent on transcription factor PU-1 and signaling from M-CSF. Differentiation
requires signaling from RANKL, c-Fos, NFATc, and NFkp. Polarization and attachment of the activated osteoclast to the bone surface occurs via avf3
integrin an intracellular signaling proteins TRAF6 and c-Src. The process of bone resorption is carried out by the effector proteins cathepsin K (involved
in matrix degradation), carbonic anhydrase Il, and H+ ATPase. Osteoblasts are activated by several growth factors including BMPs, TGF-, IGFs, EGFs,

FGFs, and Wnt.

migrating to bone.? The various factors which are implicated
in PC bone metastasis are summarized in Table 1.

Bone destruction from osteoclast activity leads to the
release of growth factors from the matrices which possess
the ability to act on metastatic cancer cells.?®* These factors
indirectly promote angiogenesis and stimulate tumor-derived
osteolytic and osteoblastic factors, subsequently remodeling
the skeleton and accommodating tumor growth.?®* TGF-f
is the most abundant growth factor in the PC bone micro-
environment and regulates bone development and remodel-
ing via the promotion of osteoprogenitor differentiation.3
Osteoblasts deposit TGF-B into the bone matrix where it is
then released and activated through osteoclastic resorption.
In PC, TGF-B mediates metastasis though the activation of
EMT, tumor cell invasion, and suppression of immune surveil-
lance by increasing angiogenesis.?®%° It stimulates bone metas-
tasis via the induction of proteolytic gene expression through
PTHTrP within tumor cells.®® TGF-B-induced PTHrP acts
to increase osteoblastic production of RANKL, consequently
stimulating osteoclast formation and activity thus promoting
bone metastasis.?® Additionally, there is an irregular control
of the resorption pathway, leading to bone destruction and
resulting in the release of several bone matrix factors such as

IGF-1, basic FGF, and PDGF which further stimulate tumor
growth.?® Figure 3 illustrates the cycle involving bone and
tumor cell interactions in the bone microenvironment and the
various factors involved.

The RANK/RANKL/OPG Signaling Mechanism
Involved in Bone Destruction

Local bone destruction is a significant aspect of PC bone
metastasis in the spine and is mediated through osteoclasts.
As such, the RANK-RANKL-OPG axis has been well estab-
lished as a key regulatory pathway of bone activity in physi-
ological conditions and is highly up-regulated in pathological
conditions. Receptor activator of the nuclear factor kappa-B
receptor (RANK), RANKL, and osteoprotegerin (OPG) are
members of the tumor necrosis factor (TNF) family.?® RANK
is a membrane-bound TNF receptor expressed by osteoclast
precursors and mature osteoclasts and controls the develop-
ment and apoptotic processes in bone.’® RANKL is a type 11
transmembrane protein and is expressed on the surface of bone
marrow stromal cells and by mature osteoblasts.”8” RANKL
is essential for differentiation, activation, and survival of
osteoclasts.”” The release of RANKL from tumor cells into
the bone microenvironment has been suggested to simulate
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Table 1. The various mediators implicated in PC bone metastasis; their function and mechanism of action.

FACTOR FUNCTION

Bone morphogenetic BMPs play an integral role in endochondral ossification, osteogenesis and bone repair through the initiation
proteins of osteoblast differentiation (through Runx2 induction).>* In PC, BMPs are involved in proliferation, migration
BMP-2 and invasion in of cancer cells in bone metastasis. Furthermore, BMPs promote VEGF expression, leading
BMP-4 to angiogenesis and endothelial cell migration in PC cells.5* The expression levels of BMPs increase while
BMP-6 those of the cognate receptors decrease with progression of disease. As PC cells produce BMPs, and BMPs

BMP-7 generally decrease the proliferation of PC cells, however in advanced progression, loss of BMP receptor

expression permits PC cells escape from the physiologic constraint on cellular proliferation imposed by
BMPs, leading to a more aggressive phenotype by altering the tumour microenvironment.5%

Endothelin-1 Endothelin-1 is a small vasoconstricting peptide produced by the vascular endothelium, and has a key role
in vascular homeostasis. ET-1 production is stimulated by cytokines (ILs), growth factors (TNFo, TGF-j,
PDGF), leading to growth and proliferation of tumours.%® Activation of the ET A receptor by ET-1 promotes
tumour cell growth and survival, mediating processes involved in tumour invasion and metastasis, angiogen-
esis and the inhibition of apoptosis. ET-1 may also increase osteoblast proliferation and bone formation by
crosstalk with Wnt signaling, leading to the suppression of the inhibitor of Wnt signaling, Dickkopf-1 (DKK1).5”

Insulin-like growth IGFs are survival factors-potent mitogens and anti-apoptotic factors involved in cell proliferation and differen-

factors tiation.58 IGF-1 and Il are abundant in the bone matrix and are released during bone resorption. IGF-1R signal-
IGF-1 ling plays a role in malignant cell transformation, cancer progression, and metastatic spread of different types
IGF-II of tumours. IGFs promote survival and angiogenesis in PC.58

Interleukins Interleukins are pro-inflammatory cytokines and a key regulator of immunosuppression in advanced cancer.
IL-1B It is involved in the regulation of proliferation, apoptosis, migration, invasion, and angiogenesis.5®
:tg IL-6 has been implicated in PC bone metastasis progression—stimulates RANKL production, chemothera-
IL-11 peutic resistance, and androgen independence (androgen receptor dysfunction). IL-6 induces AR expression,

which leads to TGFp activation and consequently MMP-9, resulting in invasion of PC cells.%°

Integrins Integrins are cell surface receptors for extracellular matrix proteins and play a key role in cell survival, prolif-
eration, migration and gene expression, apoptosis, cell adhesion, angiogenesis and proteinase expression.®!
Integrin signalling has been shown to be de-regulated in PC. Integrins expressed in PC cells play an impor-
tant role in colonization of prostate tumour cells in the bone. PC cells express the same integrins; avb3 and
a2b1 which are express by osteoclast. These factors are able to facilitate tumour spreading in the bone, by
aiding in attachment and migration to the bone matrix, facilitating extracellular matrix remodelling and cancer
cell growth.®?

Cadherins Cadherin-11 mediates homophillic cell adhesion in a calcium dependent manner. Its expression is associated
with osteoblast differentiation and may function in cell sorting, migration, and alignment during the maturation
of osteoblast.®?

E-cadherin, is prominently associated with intracellular adhesion mechanisms for tumour invasiveness, meta-
static dissemination.®*

Matrix MMPs are proteolytic extracellular matrix—degrading enzymes, which are produced by both the cancer cells

metalloproteinases and the stromal cells. They degrade ECM components including; collagens, laminins, fibronectin, and vitro-
MMP-2 nectin, which can clear a path to facilitate cell migration and invasion.®® The expression of MMPs is regulated
MMP-9 by many growth factors, such as TGF which up-regulates MMPs expression and activity such as migration,
MMP-13 invasion, angiogenesis activation and growth.56

RANK RANK is the receptor expressed on the surface of osteoclasts precursors and mature osteoclasts. The recep-

tor becomes activated upon binding of RANKL, activating several downstream signalling pathways for differ-
entiation, maturation and survival of osteoclasts in the process of bone resorption.®”

RANKL RANKL is expressed by osteoblasts and bone marrow stromal cells. RANKL binding to RANK leads to dif-
ferentiation of osteoclast precursors as well as to activation and survival of mature osteoclasts. RANKL is
produced in two forms; a cell surface and a soluble molecule. Furthermore, it has been established that PC
cells secrete soluble RANKL, which can act to directly activate osteoclasts.5®

Osteoprotegerin OPG is a soluble decoy receptor for RANKL (ligand) and acts by binding RANKL, thus, preventing it from
binding and activating RANK receptor on osteoclasts. Thus, it inhibits osteoclastogenesis; osteoclast matura-
tion, activation and survival and bone resorption.®°

Parathyroid hormone PTHrP is expressed by PC cells. This induces RANKL expression through osteoblasts differentiation, which
related peptide further stimulates osteoclast activation and formation, leading to bone destruction.”® This activity protects PC
cells and osteoblasts from apoptosis.”
Chemokines Chemokines are primarily known in the regulation of the motility (chemotaxis) of hematopoietic cells (immune
CXCR4 system cells) and their ability to stimulate directional migration of nearly all classes of leukocytes during
CXCL12/SDF-1 inflammation through the activation of a group of cell surface receptors. Chemokines are believed to mediate

cell adhesion, migration, invasion and angiogenesis during the metastasis of tumour cells to bone. Bone con-
tains chemotactic factors that attract PC cells towards the microenvironment. CXCR4 (expressed on PC cells)
and stromal-derived factor-1 (SDF-1), are elevated in metastatic PC cell lines and in bone metastasis.”>"3

Transforming growth TGF is a widely expressed and abundant growth factor involved in the regulation of cellular proliferation, che-

factor motaxis, differentiation, immune response, and angiogenesis. Production of TGF-f by PC-associated stroma
has been shown to increase the growth and invasiveness of prostate epithelial cells. Bone is one of the larg-
est reservoirs of TGF-B1, which is released from the bone matrix during bone resorption following PC cell
metastasis.”

(continued)
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Table 1. (Continued)

FACTOR FUNCTION

Platelet-derived
growth factor

PDGFs are potent stimulator of cell proliferation, migration, survival, chemotaxis, angiogenesis and trans-
formation. PDGF is known to play a major role in cell-cell communication for normal development and also

during pathogenesis.”> PDGF from tumour cells regulates commitment of stromal mesenchymal cells to dif-
ferentiate into osteoprogenitor cells and induces proliferation and migration of osteoblast cells, suggesting a
role for PDGF in bone formation.”® PDGF also stimulates bone resorption by increasing the number of osteo-
clasts and up-regulating matrix degrading enzyme expression.””

Epidermal growth factor EGF is over-activated in PC and cross-talk with the androgen pathway is linked to progression from
androgen-responsive disease to castrate resistant phenotypes. EGFR signalling activates androgen recep-
tor pathway even in the circumstances of androgen deprivation.”® Furthermore, EGFR itself may be under
the regulation of androgen signalling pathway. EGF stored within the bone matrix, is released in the bone
resorption. EGF thus, plays an important role in regulating cellular growth, proliferation, survival and function

of PC cells.’®

Fibroblast growth factor FGFs have a broad range of biologic activities that play an important role in tumorigenesis including promo-
tion of proliferation, motility, and angiogenesis and inhibition of cell death.”® FGFs play a key role in the cel-
lular growth and maintenance of normal prostatic epithelium and are expressed in normal prostatic stroma.
FGFs are expressed as autocrine growth factors by prostate cancer cells and can also be expressed in the
tumour microenvironment as paracrine growth factors FGFs e released from the bone matrix as a result of PC

induced bone resorption, thus leading to up-regulation of signalling activity.8°

Vascular endothelial
growth factor

VEGEF is a critical mediator of angiogenesis—formation of new capillaries from existing blood vessels and
vasculature. It plays an important role for tumour growth and metastasis by providing oxygen and nutrients to
the proliferating tumour cells. Furthermore, it increases vascular permeability allowing cancer cells to move
and migrate through the blood vessel circulation.8' VEGF signalling is important for osteoblast and osteoclast
activity and survival. Osteoblasts and osteoclasts also express VEGF receptors (VEGFRs), which are
up-regulated and over-activated in PC, leading to dys-regulated bone destruction.®?

Bone Matrix Growth Factors \ Secondary Metastatic Prostate Cancer cells
TGF-B VEGF
IGF-1 MMPs
A , FGFs CXCR4 .
Physical Factors
PDGF . -
(!7 BMPs (@) (o) Hypoxia
RANKL IMTUMOUR Acidic pH
6(5 (soluble) MASS Osteoblastic factors Extracellular Calcium
P VEGF 4
Osteoclastic factors RANKL PTHrP
RANKL OSTEOCLASTS 1\¢OPG OSTEOBLASTS ET-1
' - M-CSF Bone resorption Bone formation PDGF
0) TNFs BMPs y
PTHrP
ILs BONE DESTRUCTION / A A A * OPG
00 <
@ Orax
<> RANK ’ (cell surface). .
a0 )oG
Osteoblasts Bone Formation
Osteoclast
‘1. progenitor
Bone Resorption {Osteoclasts Bone Matrix

Figure 3. The cycle involving bone and tumor cell interactions in the bone microenvironment. Matrix metalloproteinases (MMPs), chemokines
(CXCL12/CXCR4), and vascular endothelial growth factor (VEGF) are involved in tumor cell attraction and targeting of bone as well as facilitating
survival and metastasis within the bone microenvironment. Physical factors including hypoxia, acid pH, and high extracellular calcium levels influence
this process. The tumor secretes several osteoblastic and osteoclastic factors in response to the bone microenvironment. Tumor derived osteoclast-
stimulatory factors include PTHrP and IL-1, IL-6, IL-8, IL-11, TNF, M-CSF, and RANKL. Bone-derived pro-osteoblastic growth factors released from the
resorption process include TGF-B, IGFs, EGFs, and FGFs, which in turn upregulate BMPs, VEGF, and RANKL. Chemokines, MMPs and cathepsin are
secreted by the tumor, which in turn stimulates bone cells to release factors which promote further tumor growth in bone. OPG is downregulated due to
the over-stimulation of RANKL. The increased RANKL-to-OPG ratio leads to increased osteoclast formation, survival, and activity, which increases the
rate of bone remodeling and turnover.
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osteoblast-derived activation of osteoclasts, leading to bone
destruction in skeletal metastasis in PC.8%:87

OPG is a naturally occurring protein that shares its
homology with members of the TNF family.*®° Osteo-
blasts and stromal cells secrete OPG, which acts as a solu-
ble decoy receptor and exerts its effects through the binding
and subsequent sequestering of RANKL.! This prevents it
from binding to RANK and activating downstream signal-
ing events leading to osteoclast gene expression, differentia-
tion, and survival, thus inhibiting bone destruction.?®%” OPG
and RANKL, therefore, share a synergistic relationship to
maintain homeostasis.”> While OPG has been shown to block
the pathological increase in osteoclast activity and number,
in cancer, RANKL expression is up regulated by stimulatory
osteoclastic factors that are released from the tumor.®” This
leads to down-regulation of osteoblastic factors in the envi-
ronment resulting in decreased OPG expression which causes
unregulated and abnormal bone formation that ultimately

leads to bone destruction.”?

The RANK/RANKL/OPG system plays a critical role
in osteoclastogenesis and bone destruction in PC.* The
binding of osteoblasts causes RANKL to bind to the RANK
receptor expressed on the cellular surface of osteoclast precur-
sors leading to the commitment of the monocytic precursor
to the osteoclastic lineage and the subsequent differentiation
and activation of osteoclasts.”>? Following the activation of

the receptor (RANK), several downstream signaling cascades
are initiated. These cascades control processes such as osteo-
clastogenic differentiation, cell survival and growth as well
as actin reorganization, motility, and osteoclastic resorptive
activity.” The NF-kB pathway initiates the transcription of a
wide variety of genes encoding angiogenic factors, cytokines,
cell adhesion molecules, and anti-apoptotic factors which
are involved in tumor cell invasion, metastasis, survival, and
chemo-resistance.? Due to the critical role of this pathway in
PC, it provides an important target for therapeutic develop-
ments. The pathways in osteoclastogenesis though the RANK-
RANKL-OPG triad system are illustrated in Figure 4.

The Role of VEGF in Promoting Angiogenesis

in PC Bone Metastasis

It is well established that tumors require a blood supply to
establish, grow, and metastasize. Angiogenesis is the forma-
tion of new blood vessels from the existing vasculature within
the growing tumor. It involves neovascularization of cancer
cells through the division and migration of endothelial cells.
'This promotes the expansion, sustainable growth, progression,
and metastasis of tumors to distant sites.”” As tumor cells pro-
liferate, the tumor mass expands beyond a capacity that can be
supported by the existing vasculature. As a result, nutrient and
oxygen levels fall, leading to an accumulation of metabolic
waste. The tumor cells respond to this condition by secreting

RANKL

Osteoclast

RANKL

cell surface wANK

157

OSTEOCLASTIC GENE EXPRESSION

Actin reorganisation

RESORPTION

RANK RANK

]
~
ﬁ

SURVIVAL

Figure 4. The process of osteoclastogenic differentiation through the RANK-RANKL-OPG system. The binding of RANKL to RANK inhibits
osteoclast apoptosis and promotes cell growth, proliferation, differentiation and survival, as well as cytoskeletal motility. TRAF-6 activation leads to
downstream signaling of MAPKSs involved in cell differentiation, proliferation, and survival in response to stress stimuli p38, JNK, ERKSs, as well as NFkB
complex. This leads to the activation of several downstream regulators of osteoclast formation and activation, including c-Fos, Fra-1, and NFATc1.
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pro-angiogenic factors.”® VEGF has been characterized as
the most potent angiogenic factor. It functions in promoting
endothelial cell migration and proliferation as well as increas-
ing vascular permeability.”’

The normal tumor environmentis in a hypoxic state, which
triggers VEGF expression through the hypoxia-inducible fac-
tor 1-alpha (HIF-1o0) transcription complex as well as other
growth factors such as TGF-B, FGF, IGF, and PDGF.1%
These factors drive the switch from anti- to pro-angiogenic,
providing a suitable blood supply for delivery of oxygen and
nutrients to the PC cells and hence enabling them to pro-
liferate.! The abnormal tumor vasculature increases per-
meability, facilitating tumor cell entry into the circulation
as well as the production of tumor cell derived proteinases.
These proteinases are involved in degradation in addition to
enhancing invasion, ECM remodeling, adhesion, and pro-
teolysis (through collagenases).l%21% Hypoxia is the most
potent inducer of VEGF production in bone.!®? Osteoblasts
also express components of the HIF-1o. pathway, which acts
to up-regulate VEGF expression in these cells.’®? This may
be one mechanism that attracts the PC cells to bone, provid-
ing them with suitable means for establishing and proliferat-
ing at this site. Furthermore, angiogenesis is critical for bone
formation by providing the vascularization required by bone-
forming cells.”* VEGF is expressed in osteoblasts and studies
have shown that increased VEGF in osteoblasts is strongly
correlated with osteogenesis (bone formation), stimulat-
ing chemotactic migration, and osteoblast differentiation.!*
Osteoblastogenic BMPs regulate VEGE expression and
VEGF promotes osteoblastic activity.!'®® VEGF has a direct
role in osteoclastogenesis through promoting the activation
and survival of osteoclasts with mature osteoclasts increas-
ing expression of VEGF receptors.'®? VEGF also possesses
the ability to up-regulate RANK on endothelial cells thereby
increasing its sensitivity to RANKL and promoting angio-
genesis.'® As such, the up-regulated VEGF production in
tumor cells and local bone cells may be responsible for close
bidirectional attraction and interaction leading to excessive
bone formation and active resorption, resulting in osteoblastic
lesions and osteolytic destruction in PC.>*

Angiogenesis inhibition via blocking the VEGF pathway
has become an important therapeutic strategy.”® Tumor cells
as well as tumor cell lines have been reported to express both
VEGF and VEGF receptors (VEGFRs).1? Several antian-
giogenic drugs have been introduced into the clinical setting
including anti-VEGFA antibody, known as bevacizumab and
multi-receptor tyrosine kinase inhibitors (RTKIs) such as,
sorafenib and sunitinib.”® VEGFR?2 is a major endothelial cell
signal mediator and a target for RTKIs.”® The anti-VEGFR2
antibody has been shown to inhibit angiogenesis, reduce
tumorogenicity and metastasis by inducing endothelial and
tumor cell apoptosis, as well as inhibit MMP-9 production.!%
Recent studies have shown that suppression of PI3K/Akt/
mTOR signaling using mT'OR inhibitors reinstates sensitivity

of phosphatase and tensin homolog (PTEN) deficient cancer
cells to tyrosine kinase inhibitor-mediated apoptosis. This
may have therapeutic applications in the future.!’” The vari-
ous growth factors implicated in PC bone metastasis and their
current use or potential for therapeutic targets is summarized

in Table 2.

'The Function of Growth Factors in PC Bone
Metastasis

Several growth factors have been implicated in PC bone
metastasis. The mineralized bone matrix contains a wide range
of growth factors, where IGF-1 is one of the most abundant.!??
IGF-1 is involved in regulating cell differentiation, prolifera-
tion, migration, and apoptosis. Mitogenic effects of IGFs are
mediated through binding with IGF-1 receptor and activation
of the PI-3 kinase/Akt signaling pathway. Once metastasis
has been established in the bone, osteoclastic bone resorp-
tion is activated. Growth factors such as IGF-1 and TGF-
are released into the bone marrow cavity where they interact
with and influence metastatic tumor cells.’*?> The IGF-1R is
an RTK that, upon activation by IGF-1, shows mitogenic and
anti-apoptotic effects.!?? Increased IGF-1R signaling results
in activation of growth-promoting intracellular signaling
pathways, including the ras-raEMAPK (mitogen-activated

123

protein kinase) and PI3K cascades.!?* IGFs are proposed to
bypass inhibition by stimulation of autocrine androgen syn-
thesis, survival signaling, and enhancement of androgen
receptor nuclear localization by stabilizing microtubules.
IGF-1 is crucial for osteoblast differentiation and found abun-

dantly in the bone microenvironment.!*

BMPs are members of the TGF-B superfamily and are
potent inducers of osteoblast differentiation.!?> BMPs initiate
new bone formation by recruiting progenitor stem cells and
initiating their growth and differentiation into bone. They are
also involved in stimulating cancer cell migration.!?® In addi-
tion, BMP mRNA and protein expression has been found in
human PC cell lines from bone metastasis specimens.>* Fur-
thermore, receptors have been expressed in the cancer cell lines
and tissue.”* In vivo, inhibition of BMP activity by noggin
inhibits the development of osteoblastic lesions and reduces

the osteoblastic component in mixed lytic/blastic lesions.**

Osteoblast-derived BMP-2 can activate the Akt, MAPK, and
ERK pathways, which in turn induce IKKa/b phosphoryla-
tion and NF-kB activation, resulting in the activation of 1
and B3 integrins and contributing to the migration of PC
cells.’?> BMP signaling also activates the intracellular receptor
type I kinase, followed by phosphorylation of Smad, which
translocates to the nucleus and induces the expression of genes
important for bone formation.!?> BMPs are implicated in hom-
ing, migration and invasion of PC cells to bone that ultimately
leads to promotion and formation of osteoblastic lesions.!?”
TGF-P1 is a growth factor that regulates cell prolif-
eration, differentiation, chemotaxis, immune response, and

angiogenesis.”* Production of TGF-B by PC-associated
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stroma increases the growth and invasiveness of prostate
epithelial cells.”* TGF-B has been shown to promote osteo-

128 Bone is

blastic bone metastases in experimental models.
an abundant reservoir for TGF-B1, which is released from
the bone matrix during bone remodeling following PC cell
migration and establishment.” TGF-B is activated by cleav-
age of its precursor by osteoclast-derived or PC secreted
proteases. TGF-B signaling occurs through a transmem-
brane receptor serine—threonine complex which consists of
type I and II receptor kinases. The binding of TGF-B1 to
the type II receptor leads to the formation of a heterodimeric
complex with the type I receptor, resulting in phosphory-
lation.”*128 The receptor-associated Smads are subsequently
recruited to the activated receptor complex. The phosphory-
lated regulatory Smad2/3 interact with the co-Smad, Smad4.
This complex then translocates into the nucleus, binding to
specific DNA sequences, consequently recruiting co-activa-
tors or co-repressors to regulate the transcription of TGF-B
target genes.!?® Activated TGF-BR1 also induces activa-
tion of SMAD-independent pathways such as PI3K, AKT,
and MAPK. Thus, TGF-B is a potential therapeutic target
in advanced PC using TGF-B receptor type I (TGF-BRI)
kinase inhibitors.?

Communication between epithelial and stromal com-
partments via FGF family signaling pathways have important
roles in homeostasis of the normal prostate.!?’ Upon binding
of FGF to its receptor, FGFR dimerization is induced lead-
ing to phosphorylation and activation of various downstream
signaling pathways including MAPK-PI3K/AKT, phospho-
lipase-C (PLC), and signal transducer and activator of tran-
scriptions (STATS).8° FGFs are expressed as autocrine growth
factors by PC cells, however they can also be expressed in
the tumor microenvironment as paracrine growth factors.®
They promote cancer progression by increasing proliferation
and preventing cell death. FGFs are well known angiogenic
factors stimulating angiogenesis through paracrine actions on
endothelial and other stromal cells in the tumor microenvi-
ronment. FGF signaling is therefore a promising therapeutic
target in aggressive PC. Several FGFR small-molecule inhib-
itors have entered clinical trials with the action of inhibiting
multiple tyrosine kinases.®

De-regulation of EGF receptor (EGFR) is often asso-
ciated with carcinogenesis which can be caused by its over-
expression, gene amplification, mutations, or deletions.
Increased expressions of EGFR and its ligands (EGF and
TGF-P) have been described in prostate tumors, and auto-
crine activation of EGFR signaling regulates the growth of
androgen-independent PC.12 EGFRs belong to the human
epidermal receptor (HER) axis, which binds the EGF, acti-
vating downstream signaling events through PI3 kinase
and MAPK.!? This activates the Akt family of kinases and
STATs, resulting in downstream events that regulate cel-
lular proliferation, growth, survival, and migration.”® Nor-
manno and Gullick demonstrated that factors released under

the control of EGFR signaling modulate bone remodeling
through the induction of RANKL in bone marrow stro-
mal cells, thus activating osteoclasts.’3® EGFR signaling
also regulates the ability of MSCs to release growth factors
that promote neo-angiogenesis and tumor cell migration.!?
A number of anti-EGFR drugs are currently awaiting Food
and Drug Administration approval or are under evaluation

in clinical trials.

The Role of PTHrP in PC Bone Metastasis
PTHrP was initially identified as a product associated
with humoral hypercalcemia of malignancy resulting from
human tumors.’® It binds to the type 1 PTH receptor
(PTH1R) and functions through endocrine, autocrine,
paracrine, and intracrine actions to modulate development,
growth, and differentiation of normal cells as well as induc-
ing metastasis of malignant cells via cytokine interaction.!3?
Studies of the downstream signaling events of PTH-1R
have focused mainly on the cAMP-dependent protein
kinase A (PKA) and protein kinase C (PKC) pathways. At
the cellular level, PKA and MAPK-ERK (extracellular sig-
nal-regulated kinase) pathways govern the majority of the
effects induced by PTH and PTHrP on osteoblasts. The
MAPK cascade is also called the ERK cascade and found
to be involved in cell adhesion, proliferation, differentia-
tion, viability, and apoptosis.!*® Activation of the MAPK
cascade involves phosphorylation of MAPKKK (Raf-1),
MAPKK, and MAPK. Active MAPK subsequently phos-
phorylates transcription factors, other downstream kinases,
and substrates leading to biologic activity. PTHrP regu-
lates MAPK!3® and is critical in the regulation of cellular
functions including migration, angiogenesis, survival, and
calcium release and transport in osteoclasts.!34

Recently, PTHrP has been found to be important in
androgen dependent resistance of PC tumor cells to apop-
tosis as well as tumor proliferation and progression.!*
Over-expression of PTHrP is involved in the promotion of
metastasis to bone, especially the initial osteolysis and sub-
sequent osteoblastic phase.!* PTHrP enhances bone remod-
eling and the release of several biological factors such as
VEGTF, ILs, and Endothelin-1 as well as various growth fac-
tors including IGFs, FGFs, TGF-B and PGDF, providing a
fertile environment for tumor growth.> PTHrP also induces
osteoblast differentiation and protects PC cells and osteo-
blasts from apoptosis. It participates in the indirect activation
of osteoclasts through stimulation of osteoblastic RANKL
production and decreasing OPG leading to the activation
of osteoclastogenesis.*®132 This leads to the process of bone
destruction in osteolytic metastasis whereby the bone matrix
releases stored immobilizing growth factors, such as TGF-j,
which is activated and released as a result of osteoclast acti-
vated resorption activity.?® The release of growth factors from
the matrix further stimulate the cancer cells to up-regulate
production of PTHrP.1%
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The Key Role of MMPs and Chemokines
in PC Bone Metastasis
Tumor metastasis involves the interactions between invad-
ing cancer cells and the surrounding stromal tissue. Such
interactions promote degradation of the ECM via special-
ized proteolytic enzymes, which are produced by both the
cancer cells and the stromal cells.!3¥ MMPs are potent zinc
and calcium dependent proteolytic enzymes that play a vital
role in this process of degradation and digestion of struc-
tural components of the ECM. This is an essential step
for tumor invasion, migration, metastatic progression, and
tumorigenesis.!3*14 Moreover, MMPs are involved in the
cleavage and release of growth factors, cell surface recep-
tors, cell adhesion molecules, and chemokines from the
matrix as a result of degradation, leading to enhanced tumor
growth and establishment of a more aggressive phenotype
due to acquired resistance.!*?!* In particular, MMP-7 is
involved in the cleavage of RANKL from the osteoblast
cell surface, forming a soluble form of RANKL. Among
the other MMPs, MMP-2 (gelatinase A) and MMP-9
(gelatinase B), referred to as type IV collagenases or gela-
tinases, are specifically associated with PC metastasis.!3
MMP-2 and MMP-9 induce tumor angiogenesis,'*® with
MMP-9 found to play a vital role in tumor induced osteo-
clast recruitment.’*? Dong et al demonstrated that MMP-9
activity was originating from newly recruited osteoclasts
during the early colonization of the bone marrow spaces
by tumor cells.*214* MT1-MMP is a membrane-anchored
protease capable of activating pro-MMP-2 on the cell sur-
face, as well as promoting tumor angiogenesis and growth.
Additionally, it degrades several components of the ECM,
including type 1 collagen, which is the most abundant
protein in bone. It has been proposed that MT1-MMP
is able to function as enzymes that shed and release non-
ECM substrates, particularly RANKL, from the tumor
cells, which activates osteoclastic bone degradation.+14
As such, MMPs are potential therapeutic targets against
cancer using endogenous and synthetic tissue inhibitors of
metalloproteinase (TTMPs).14¢

Evidence from bone xenograft models demonstrate that
PC cells injected adjacent to the bone migrate toward bone,
suggesting that there is chemo-attraction between the tumor
and the bone microenvironment. Chemokines interact with cell
surface receptors promoting oncogenic and cellular transforma-
tion by acting as growth factors that increase proliferation and
tumor angiogenesis.”? CXCL12 (also known as SDF-1) from
bone stromal cell binds to CXCR4 receptor and activates down-
stream signaling through the PI3K/AKt and MAPK/MEK
pathways. CXCR4 is widely expressed in the cellular environ-
ment and interacts only with the SDF-1 ligand. It is involved
in the immune response, protecting the tumor from the host
response as well as activating key survival pathways such as
anti-apoptosis, leading to growth and proliferation of tumor
cells.'” CXCR4 has been implicated in the “homing”™directed

dissemination of circulating cancer cells to microenvironments
of high chemokine concentration such as lymph nodes and bone
marrow.*® During this process, the circulating cancer cells
mimic hematopoietic and immune cells in terms of localizing
to high CXCL12-expressing sites, firm adhesion to endothelial
cells, transmigration across the blood vessel wall, and migra-
tion towards the chemokine source.!* The binding of CXCL12
from the bone microenvironment to CXCR4 expressed on the
surface of PC cells activates cell signaling pathways and leads to
the expression and secretion of proteases.!*® SDF-1 is thought
to recruit osteoclast precursors expressing CXCR4 to induce
MMPs (2,9,14), which promote proteolytic breakdown of the
ECM. In addition, it triggers the angiogenic switch through
up regulation of VEGF.10 The SDF1a/CXCR4 signaling
pathway plays a major role in migration by promoting adhesion,
invasion, proliferation, and cancer growth in bone.>*% As such,
receptor antagonists present potential targets to reduce growth
and proliferation of tumors.'!

A major characteristic of bone-homing PC cells is
their capacity to release copious levels of IL-6, which aids
in facilitating bone invasion and growth of metastatic
lesions.’® Additionally, osteoblasts also express IL-6 recep-
tors. As such, IL-6 is a major pleiotropic, pro-inflammatory
cytokine playing a role in immune response, cell differentia-
tion, hematopoiesis, wound repair, and bone remodeling.!>?
It has an effect on cell proliferation, apoptosis, and angiogen-
esis through activation of Janus kinase (Jak), STAT factor 3,
phosphatidylinositol-3-kinase MAP/k, and PI3-K-Akt.
IL-6 also stimulates osteoclastic bone resorption by inducing
RANKL expression in osteoblastic cells thereby affecting the
growth of PC cells in a paracrine and autocrine manner.!3
IL-6 activates the androgen receptor in a ligand-independent
manner and contributes to PC progression in castrated
patients. Additionally, IL-6 may protect PC cells from cell
death induced by certain chemotherapeutic agents through
activation of STAT3 and anti-apoptotic proteins such as
belXL. Elevated IL-6 levels in patients with castration-
resistant prostate cancer (CRPC) are independently associ-
ated with decreased survival.! Therapies that can counteract
the up-regulated IL-6 activity on tumor growth and survival
may benefit patients with advanced PC. The various chemo-
kines and cytokines that are currently being investigated in
PC bone metastasis for potential therapeutic targets are sum-
marized in Table 3.

Emerging Therapies for PC Spinal Metastasis

Skeletal metastases as a consequence of advanced PC often
cause severe and debilitating symptoms for patients that are
refractory to current treatments thereby highlighting the
need for more effective and novel therapies. Denosumab
(XGEVA, Amgen) is a monoclonal human antibody which
binds to and neutralizes RANKL, preventing its bind-
ing to the RANK receptor. Administered subcutaneously,
it inhibits the activation and activity of osteoclasts and has
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been found to be clinically effective in inhibiting subsequent
bone resorption.!¢>1%¢ Zoledronic acid (Zometa, Novartis) is
a widely used bisphosphonate for bone metastases, acting to
decrease fracture risk via inhibition of the catalytic action of
farnesyl pyrophosphate synthase. This leads to a reduction
in osteoclastic activity and induction of apoptosis, inhibit-
ing bone resorption as well as inhibiting tumor cell adhesion
to bone.*167 The structural similarity of bisphosphonates to
inorganic phosphate assists them in incorporating into bone
and binding to hydroxyapatite. Once inside the bone, they act
to decrease bone resorption by decreasing the availability of
hydroxyapatite crystals and osteoclast-mediated resorption,”®
and inhibiting recruitment, differentiation, attachment and
survival of osteoclasts.”’ Furthermore, they act on osteoblasts
to indirectly inhibit osteoclast differentiation and activa-
tion'®® and inhibit RANKL expression in PC cells, dimin-
ishing osteoclast activity even more.”

An international phase 11T double-blind study compar-
ison conducted between denosumab and zoledronic acid in
PC patients reported that denosumab was superior in delay-
ing metastatic skeletal complications by an average of more
than 3 months.3* Additionally, bone turnover markers were
highly suppressed with denosumab treatment. However, the
results of this study concluded that there were no differences

in overall survival time between patient treatments.!®’

Another study tested the effectiveness of denosumab in pro-
longing bone metastasis-free survival in men with advanced
CRPC. These results revealed a risk reduction of 15% and
an extension of metastasis free-survival of 4.2 months. In
addition, risk of symptomatic bone-metastases was 33%
lower in the denosumab group.!” Several systemic agents
that possess selectivity for anti-neoplastic effects on bone
metastases are currently being tested for palliative efficacy
and effect on prolonging survival in patients with advanced
PC. These therapies include endothelin receptor antagonists
(atrasentan and zibotentan), proto-oncogene Src (c-Src tyro-
sine kinase) inhibitors, and radiopharmaceuticals (stron-
tium-89 and samarium-153).8” More recently, alpharadin
(radium-223), an alpha radiation-emitting agent, has been
of interest due to its ability to target bone metastasis, which
is attributable to its similar chemical and physical proper-
ties to calcium.'”? The various therapeutic targets currently
employed for the treatment of PC bone metastasis are illus-
trated in Figure 5.

Endothelins and their receptors are emerging as poten-
tial targets for PC bone metastasis. The unregulated endo-
thelin pathway in PC plays a vital role in the proliferation,
growth, and invasion via up-regulation of tumor proteases

GFR
'_ Cabozantinib

ytokines

P=) @
BISPHOSPHONATES b
@ ® @

OSTEOCLAST IN
APOPTOSIS

Ca? Ca2t

RBB2 Lapatinib Blood TGF-B rect.eptor
Gefitinib Vessel K'ln'ase
GFR  Eroltinib Inhibitor
Cetuximab
'- Cxcrd d .
Sunitinib antagonist Enzalutamide
= Imatinib Selective androgen
Receptor modulators
= sunitinib T N
Cixutumumab Sorafenib Cabozantinib
o P
@ Sorafenib Sunitinib
o Sunitinib
£
E Abiraterone 3= Denosumab
[a) MDV3100 T Atrasentan Sorafenib
Atrasenta S= Bevacizumab Zibotentan Sunitinib
Src > Zibotentan l
Growth Various growth
metastasis Denosumab A factor receptors CANCER
Proteases Dasatinib e=f] ASSOCIATED
- FIBROBLAST

CATHEPSIN K
INHIBITOR

TGF-B ligand —

inhibitors

TGF-B

GROWTH FACTORS
CXCL12

ALPHARADIN

Ca?* Fibroblasts

7 BONE

Figure 5. Therapeutic targets for the various mediators involved in PC bone metastasis. Potential targets for PC skeletal metastases include the
cancer cells themselves, the tumoral blood supply, cancer-associated fibroblasts, osteoclasts and osteoblasts. Important PC pathways may be blocked

by neutralizing antibodies, receptor antagonists and inhibitors.
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(MMPs) as well as urokinase-type plasminogen activators,
inhibition of apoptosis, and promotion of VEGF-induced
angiogenesis in tumors.’® Furthermore, endothelins pro-
mote abnormal osteogenesis in the bone microenvironment,
proliferation of osteoblasts, bone remodeling, and release of
growth factors that stimulate survival of cancer cells.*®171172
Endothelin-1 (ET-1) is a potent vasoconstrictor. Activation
of the endothelin receptor A (ET,) can lead to induction
of a survival pathway, whereas activation of the endothelin
receptor B (E'T}) results in clearance of circulating ET-1 as
well as stimulation of apoptosis.!”3 In PC, ET-1 activates
the ET, receptor, mediating the signaling cascade which
promotes tumor survival, growth, angiogenesis, and inva-
sion, thus inhibiting apoptosis.}”3> Once ET-1 binds to and
activates ET,, interactions and activation of a G-protein
triggers the parallel activation of several signal-transduc-
tion pathways. This includes phospholipase C activity,
which causes an increase in intracellular Ca2+ levels, pro-

tein kinase C, EGF-R, PI3K, and ras/raf/MAPK path-

ways.’® This cascade of events ultimately induces nuclear

transcription of several proto-oncogenes, including c-myc,
c-fos, and c-jun, which possess the capability of influencing
cell growth and proliferation.”® A selective ET, antagonist
known as Atrasentan has been the focus of pre-clinical tri-
als where it has been shown to prevent osteoblastic lesions
in mouse models.’® Zibotentan is an oral ET, specific
antagonist shown to inhibit cell invasion, proliferation,
and metastasis.’” A phase II trial of patients with CRPC
bone metastasis showed improvements in overall survival.’’
The current and potential therapeutic targets for PC bone
metastasis are discussed in Table 4.

Better understanding of the underlying molecular mech-
anisms contributing to and which drive metastasis of PC cells
to secondary skeletal sites, particularly the spine, is critical
in order to prevent or improve the devastating complications
related to pathological fracture and metastatic epidural spi-
nal cord compression. Targeting critical pathways involved in
pathological bone turnover may inhibit these skeletal compli-
cations and thus improve pain, function, and quality of life in
patients with advanced metastatic PC.

Table 4. The current treatments and therapies for bone metastasis in Prostate Cancer.

INTERVENTION MECHANISM OF ACTION

Bisphosphonates

(Zoledronic acid: Zometa,
Novartis Pharmaceuticals) antiangiogenic effects.’
Zoledronic acid has
been widely utilized for the
prevention of skeletal-related
events (SREs) in patients with
bone metastases who have
undergone hormonal therapy.
osteoblastic lesions."®

Bisphosphonates inhibit osteoclast activity in PC bone
metastasis. The suggested MOA is inhibition of tumour cell
adhesion and invasion of the extracellular bone matrix and/or

Bisphosphonates are pyrophosphates which have two phos-
phonate groups, and bind with high affinity to calcium which
is abundantly found in the bone. Once ingested by osteo-
clasts, bisphosphonates induce apoptosis in these cells and
thus prevent further bone loss.”0.168

ZA contains nitrogen in its structure, which is effec-

tive against a variety of cancers in both osteolytic and

EVIDENCE

In a Phase lll trial, ZA significantly
reduced the incidence of SRE by 36% and
delayed the first SRE by more than
5 months compared with the placebo.'

Denosumab

(PROLIA, amgen inc.

Xgeva, amgen inc.)
resorption.

Fda approved in 2011 as a

treatment to increase bone

mass in patients at high risk

for fracture receiving androgen

deprivation therapy (ADT),

reduced the incidence of verte-

bral fracture

Denosumab is a monoclonal antibody that binds to RANKL,
a protein involved in the formation, function, and survival
of osteoclasts, causing inhibition of osteoclastic bone

Showed a superior effect compared to
zoledronic acid in the prevention of SREs
(e.g., fracture, spinal cord compression
and radiation or surgery to bone) in a
large Phase IlI study.'76177

Radionucleotides

Xofigo
(Radium: Ra 223 dichloride)

FDA approved in 2013 to treat
men with symptomatic late-
stage (metastatic) castration-
resistant prostate cancer, that
has spread to bones. incorporated into the matrix."”®
Other approved radionucleotides:
Strontium-89

Samarium-153

Phosphorus-32

Radium 223 is an alpha-emitter that releases a large helium
nucleus, causing more biologic damage but over a much
shorter path length and with the possibility of killing tumour
cells and reducing tumour burden.'”®

Radionuclides residing in family IIA of the periodic table
carry the same divalent charge as elemental calcium and
are incorporated into bone matrix directly.

Others are chelated to organic phosphates, which are

A Phase Il clinical trial of patients with
symptomatic, hormone-refractory PC,
showed an improvement in survival, PSA
levels, and alkaline phosphatase levels
compared with placebo.

A median overall survival of 14 vs.

11.2 months was reported. The time to

a SRE was also significantly longer for
patients (13.6 vs. 8.4 months; P =.00046).

The time to disease progression based on
PSA and alkaline phosphatase levels was
significantly superior.'”®

(continued)
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Table 4. (Continued)

INTERVENTION

SRC kinase inhibition
Dasatinib

(SPRYCEL, Bristol-Myers
Squibb)

Saracatinib

(AZD0530)

Bosutinib
(SKI-606,Wyeth)

MECHANISM OF ACTION

Src is active or overexpressed during prostate tumor
growth and metastasis.

Src signaling is required during osteoclast maturation
and activation and plays a role in the formation and
maintenance of PC bone metastases."®

Intracellular tyrosine kinase inhibitors transduce signals
from a range of upstream proteins, including receptors
for EGF, PDGF, VEGF that promote several mechanism
involved in metastasis, like cell proliferation and survival,
cell adhesion, migration, invasion, and dissemination to
distant organs.'”®

Dasatinib is one of the several inhibitors

It has been shown to suppress markers of bone turnover-
decrease proliferation of immature osteoblasts while
enhancing their differentiation.'”®

EVIDENCE

In chemotherapy-naive patients with met-
astatic CRPC, 20/41 had a 35% decrease
in UNTX compared with baseline. In addi-
tion, 21/42 had a decrease in BAP.
Furthermore, among patients who under-
went bone scans, 11/22 were stable at

12 weeks and 3/9 were stable at

24 weeks. Prolonged

PSA doubling time in 32/39 was
observed.'®

Angiogenisis inhibitors

(Avastin, Roche/Genentech)

Sunitinib
(Sutent, Pfizer)

Sorafenib
(Nexavar, Bayer)

Cabozantinib
(XL184, Exelixis)
AVEOQ005, Sanofi-Aventis

Tasquinimod
(Active Bech)

Bevacizumab is a humanized monoclonal antibody that
neutralizes VEGF-A activity, leading to the suppression
of cell proliferation, angiogenesis and invasions in the
bone."0”

Small molecule tyrosine kinase inhibitors (TKIs) with
activity against VEGFR, amongst other pro-angiogenic
targets, have shown activity in a number of tumor types.
Sunitinib, an oral tyrosine kinase inhibitor (TKI) of VEGFR
and PDGFR.

Sorafenib multi-targeted Tyrosine Kinase Inhibitor.

Cabozantinib is a small molecule

inhibitor of MET and VEGFR2 shown to suppress
metastasis, angiogenesis and tumour growth in preclinical
models.

Aflibercept, also known as VEGF-Trap, is a protein com-
posed of the extracellular domains of VEGFR-1 and -2
fused with the constant region (Fc) of the human IgG1
antibody. Aflibercept acts as a decoy receptor, preventing
VEGF from binding to VEGFRs."?”

Tasquinimod is an oral agent with anti-angiogenic and
potential anti-neoplastic activities, and has been shown to
decrease blood vessel density.”®

Bevacizumab monotherapy

did not show significant activity in CRPC,
however the combination of bevacizumab
plus docetaxel and estramustine chemo-
therapy resulted in a 50% PSA decline in
75% of patients and a partial radiological
response in 23 of 39 (59%) of patients
with measurable disease in a phase Il
study."”

Phase Il studies investigating sunitinib
monotherapy showed evidence of radio-
logical responses in patients with mCRPC
in the absence of PSA decline.'””

Several phase Il studies

investigating sorafenib monotherapy in
mCRPC have demonstrated modest activ-
ity with some discordance between PSA
and radiological responses

Cabozantinib has shown a significant
survival advantage in a phase Il study
treating patients with medullary thyroid
cancer.

A phase | study investigated the
combination of Aflibercept and docetaxel
in patuents with advanced solid tumour
including PC. Preliminary evidence of anti-
tumor activity was observed in multiple
tumour types.."%”

In a randomized phase Il trial in
chemotherapy-naive

patients with mCRPC, tasquinimod signifi-
cantly improved progression-free survival
compared to placebo (7.6 months vs.

3.3 months, p = 0.0042).'%7

Abirateone acetate
(Zytiga Tablets, Janssen
Biotech, Inc.)

FDA approved in 2012, in com-
bination with prednisone for
the treatment of patients with
metastatic castration-resistant
prostate cancer.

Abiraterone acetate is a potent selective inhibitor of
CYP17-hydroxylase and C17,20-lyase, enzymes necessary
for the synthesis of androgens from steroid precursors.'8

It catalyzes the sequential reactions of the conversion

of pregnenolone and progesterone to their 17-a-hydroxy
derivatives and the subsequent formation of DHEA and
androstenedione. As DHEA and androstenedione are
androgens and precursors of testosterone, inhibition of
CYP17 activity by abiraterone decreases circulating levels
of testosterone.'®!

In Phase lll studies of 1195 patients, AA
plus prednisone (797 patients), compared
to placebo plus prednisone (398 patients),
prolonged overall survival among patients
with metastatic CRPC who had disease
progression after docetaxel-based chemo-
therapy. The median overall survival was
14.8 months in the AA plus prednisone
group vs. 10.9 months in the control.'82

Androgen receptor
antagonist

Enzalutamide/Xtandi

MDV3100

In addition, MDV3100 is an oral androgen receptor
antagonist It directly inhibits AR by binding the recep-
tor irreversibly. This interaction impairs AR nuclear
translocation, DNA binding, and recruitment of
co-activators.!®

Preclinical studies have demonstrated that MDV3100
binds to the AR receptor with substantially higher affin-
ity compared to Bicalutamide (a clinical AR modulator),
resulting in more complete suppression of the androgen
receptor pathway.'®

In a Phase /1l study, MDV3100 showed
anti-tumor activity in patients with
metastatic CRPC. 56% of 140 patients
in the trial demonstrated decreases in
serum PSA of 50% or more. 61 out of
109 patients had stabilized bone disease
after treatment.'83
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