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Abstract: Patients with advanced prostate cancer often develop bone metastases, leading to bone pain,
skeletal fracture, and increased mortality. Bone provides a hospitable microenvironment to tumor cells.
The disease manifestation is driven by the interaction between invading tumor cells, bone-forming
osteoblasts, and bone-resorbing osteoclasts. The increased level of osteoclast-activating factor
(parathyroid hormone-related peptide, PTHrP) is believed to induce bone resorption by upregulating
receptor activator of nuclear factor-kappa B ligand (RANKL) and the release of various growth factors
into the bone microenvironment to enhance cancer cell growth. However, the underlying molecular
mechanisms remain poorly understood. This review outlines the possible molecular mechanisms
involved in governing bone metastases driven by prostate cancer, which further provide the basis in
searching for new molecular targets for the development of potential therapy.
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1. Introduction

Prostate cancer is cancer that occurs in the prostate gland, which is located below the bladder and
in front of the rectum. It is the most common cancer affecting men. Approximately 26.5% of the male
population has been diagnosed with prostate cancer worldwide, and about 13.7% were diagnosed
within the Asia-Pacific region in the year 2008 [1]. Although the risk of developing prostate cancer
increases dramatically after the age of 50, most cases of prostate cancer are diagnosed after the age of
65 [1].

In the earlier stage of advanced prostate cancer, malignant cells shed from the primary tumor
migrate locally, invade blood vessels, and may disperse widely in the body. Prostate cancer cells
that spread out of the prostate show an exquisite tropism for the bone. In one autopsy study,
approximately 90.1% of the men who had died with hematogenous metastases of prostate cancer were
diagnosed with bone metastases [2]. Based on the “seed and soil” theory proposed by Paget, the growth
of tumor foci tends to be the direct result of a specific organ’s microenvironment [3]. Prostate cells
(“seeds”) in the bloodstream need to settle in an appropriate “soil”, thus they preferentially migrate to
bone (as a hostland) [4–6]. These malignant cells invade and eventually proliferate in the bones of the
axial skeleton, such as the ribs, pelvis, and spine, where red marrow is most abundant [4].

During metastatic bone disease, the interaction between tumor cells with osteoblasts and osteoclasts
elicits an osteolytic, osteoblastic, or mixed bone response [7]. A purely osteolytic response is
characterized by the destruction of normal bone attributable to the occurrence of osteoblast inactivation
as well as osteoclast recruitment and activation in the tumor-bone microenvironment. Osteolytic lesions
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are characterized by soft sections of damaged bone resulting from an osteolytic response that can
cause bone pain and fractures. A purely osteoblastic response refers to the deposition of new bone
due to the new bone formation which is not preceded by bone resorption [8]. Osteoblastic lesions,
resulting from an osteoblastic response, are depositions of mineralized or calcified bone into the tissue
lesions. A mixed bone response is a condition whereby an individual experiences a combination of
both osteolytic and osteoblastic components.

Bone is a unique and conducive microenvironment that provides a milieu for metastatic cancer
cells to colonize and thrive. The “vicious cycle” hypothesis has been developed to explain the
process of cancer cell metastases to bone [9]. The production of parathyroid hormone-related peptide
(PTHrP) by tumor cells up-regulated receptor activator of nuclear factor-kappa B ligand (RANKL),
and down-regulated osteoprotegerin (OPG) by osteoblast to activate osteoclastogenesis and bone
resorption. Accelerated bone resorption, in turn, promotes the release of bone-derived growth factors
such as transforming growth factor-beta (TGF-β), the insulin-like growth factor (IGF)-1, and raised
extracellular calcium concentration to further support the growth of cancer cells [9,10]. However,
the mechanism of action of bone metastases development from prostate cancer remains to be elucidated,
but there is increasing evidence from preclinical and cell culture studies.

In this review, we aim to describe the signaling molecules critical for the progression of prostate
cancer into the bone microenvironment. A better understanding of the pathophysiology of prostate
cancer bone metastases serves as a basis in searching for potential therapeutic management. We believe
that targeting these signaling molecules may be potential strategies in the prevention or treatment of
prostate cancer bone metastases.

2. The Underlying Molecular Mechanisms in Prostate Cancer Bone Metastases

Various types of prostate cancer cell lines, including LuCaP 23.1, LNCaP, C4-2, and IGR-CaP1,
were utilized as prostate cancer models. The LuCaP 23.1 and LNCaP cells are highly sensitive to
androgen [11,12]. The C4-2 cell lines showed features of reduced androgen sensitivity and increased
metastatic capability [13]. In the androgen-sensitive (androgen-dependent) prostate cancer cell lines,
the downregulation in androgen receptor (AR) expression reduced AR-mediated transcription and
cell growth. Meanwhile, the knockdown of AR expression had a marked effect on AR-mediated
transcription and cell growth in the androgen-insensitive (androgen-independent) prostate cancer
cell lines [14]. The expression of AR is an important regulator of prostate cancer cell growth and
development at the early stage. However, prostate cancer progresses to castration-resistant prostate
cancer at the later stage. Thus, possible correlation between AR expression and the signaling molecules
involved in prostate cancer bone metastasis could be considered. On the other hand, the IGR-CaP1 cell
line represents a unique model recapitulating widespread bone metastasis with mixed osteoblastic and
osteolytic bone lesions that resemble the conditions observed in patients [15].

2.1. The Role of Parathyroid Hormone (PTH)

Parathyroid hormone (PTH) is a hormone secreted by the parathyroid gland which plays an
important role in bone remodeling. It stimulates bone resorption by osteoclasts indirectly through
PTH binding receptors located on osteoblasts. Upon binding of PTH on osteoblasts, the expression
of OPG is downregulated whereas the expression of RANKL is upregulated [16]. Signaling to the
bone marrow-derived osteoclast precursors, high levels of RANKL consequently stimulate their fusion,
differentiation, and activation. PTH causes a net bone loss through an increased resorption process
when administered in a continuous fashion, but a net bone gain through an enhanced formation process
when administered intermittently. To our knowledge, only a handful of evidence documented the
ectopic expression of PTH by the thyroid [17,18] and other non-parathyroid tumors [19–21]. Specifically,
studies on the ectopic expression of PTH by prostate tumors are limited [22].

Another member of the parathyroid hormone family, PTHrP, shares a common ancestry and
high amino-acid sequence similarity in the N-terminal region with other members of the group that
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enables it to bind and activate the PTH receptor directly in order to stimulate osteoclast and osteoblast
activity [23–25]. Thus, PTHrP has been suggested to have a crucial role in skeletal metastasis of prostate
carcinoma. A study by Blomme et al. investigated the effects of PTHrP overexpression on tumor
growth and the incidence of bone metastases in rats induced with MatLyLu prostate adenocarcinoma
cells (containing a full-length rat PTHrP cDNA). The results showed that all rats injected with 20,000
MatLyLu cells successfully developed osteolytic metastases in the long bones and vertebrae after
16 days. However, PTHrP failed to induce any significant differences in the size of metastasis foci
or tumor cell proliferation [26]. A similar study by Rabbani et al., using a syngeneic rat of MatLyLu
prostate cancer cells with intracardiac inoculated PTHrP, led to lumbar vertebral metastasis and
consequent hind-limb paralysis. This study found an increase in osteoclastic activity with PTHrP
observed from a histological examination [27]. These findings proposed that tumor-derived PTHrP
played a critical role in skeletal metastasis by forming a vicious cycle through enhancement of the bone
remodeling pathways. Liao et al. then showed that PTHrP overexpression induced higher growth
rates in the ACE-1 canine prostate cancer cell line and generated larger tumors when inoculated
subcutaneously (5 × 103 prostate cancer cells) in athymic mice. Histology results revealed increased
bone mass adjacent to PTHrP overexpressing tumor foci, with increased osteoblastogenesis (evidenced
by alkaline phosphatase (ALP) staining) and osteoclastogenesis (evidenced by tartrate-resistant acid
phosphatase (TRAP) staining) [28]. Overall, these findings collectively indicated that PTHrP is an
osteolytic and osteoblastic factor which is highly expressed in bone metastases of prostate cancer.

2.2. The Role of the RANK/RANKL/OPG System

The receptor activator of nuclear factor-kappa B (RANK)/RANKL/OPG system is a key molecular
system discovered to regulate the bone modeling and remodeling process. Osteoprotegerin is a
decoy receptor produced by osteoblasts that blocks the association between RANKL and RANK,
thus inhibiting osteoclastogenesis and increasing bone mass. Apart from controlling the normal bone
metabolism, this system also plays an essential role in pathological bone metabolism, such as metastatic
disease in bone.

Some studies suggested a potential role of OPG in the treatment of prostate cancer with bone
metastases. A study by Corey et al. demonstrated that four- to six-week-old severe combined
immunodeficient (SCID) mice, intratibially injected with OPG-transfected C4-2 cells (a subline of
prostate cancer cells), had higher bone mineral density (BMD), percentage of trabecular bone volume,
as well as decreased osteoblast and osteoclast numbers compared to the animals intratibially injected
with pcDNA-C4-2 tumors. The data implied that the expression of OPG inhibited bone lysis is
associated with C4-2 bone metastases, resulting in a net increase in bone volume [29]. In addition,
Kiefer et al. utilized six-week-old Fox Chase SCID male mice to investigate the effects of OPG on
osteoblastic prostate cancer metastases. The animals were intratibially injected with prostate cancer
(LuCaP 23.1) cells and subcutaneously administered with osteoprotegerin human recombinant protein
(Fc-OPG) (6.0 mg/kg) thrice a week, either 24 h pre-injection or four weeks post-injection. The findings
indicated that Fc-OPG did not inhibit osteoblastic bone lesions of LuCaP 23.1 cells, but decreased the
growth of tumor cells determined by the reduction of the serum prostate-specific antigen (PSA) [30].
In another study, prostate cancer (LNCaP) cells were injected both intratibially and subcutaneously
into eight-week-old SCID mice, followed by administration of OPG [31]. The results of this study
displayed that OPG completely prevented the establishment of mixed osteolytic/osteoblastic tibial
tumors. In addition, osteoclast numbers were elevated at the bone/tumor interface in the untreated
mice whereas OPG-treated mice displayed normal values of osteoclast numbers [31].

Even though OPG has a protective effect against the inhibition of tumor growth progression,
the overexpression of OPG is correlated with osteoblastic lesions [32]. Al Nakouzi et al. developed
an animal model of prostate cancer using IGR-CaP1 cell lines derived from primary prostate cancer,
which was orthotopically injected into six-week-old male athymic nude mice. The animals displayed
osteoblastic lesions on the bone structure assessed by high-resolution computed tomographic scans.



Int. J. Mol. Sci. 2019, 20, 2587 4 of 15

Mechanistically, the bone microenvironment in the tibia of IGR-CaP1-injected animals showed increased
expression of OPG, but not in the control PBS-injected tibias [15]. Both in vitro and in vivo studies
conducted by Ye et al. also found that the release of miR-141-3p from prostate cancer cells was transferred
to osteoblasts followed by increased expression of OPG via activation of p38 mitogen-activated protein
kinase (MAPK) signaling. This condition subsequently promoted osteoblast activity which was
conducive to the formation of a bone metastases microenvironment [33]. Yonou et al. evaluated
the effects of PSA on the gene and protein expression of OPG and RANKL in human osteoblast-like
(MG-63 and SaOS-2) cells. The authors found that PSA stimulated OPG production by osteoblasts.
It has been postulated that serine protease activity of PSA promoted the secretion of TGF-β1 leading to
the increase in OPG expression. These findings suggested that OPG contributed to the osteoblastic
features of prostate cancer bone metastases [34]. An in vitro study by Katopodis et al. found that OPG
and Runt-related transcription factor 2 (Runx2) were expressed in both prostate cancer (PC-3) and
MG-63 osteoblast-like cells. The co-culture of both cells enhanced OPG expression but did not alter
Runx2 expression [35].

On the other hand, the increase in RANKL level is associated with osteolytic lesion [32].
Armstrong et al. conducted an experiment using eight-week-old male CB17 SCID mice injected
with prostate cancer (PC3) cells intratibially. The animals experienced PC3-induced osteolytic lesions
with tumor burden and increased numbers of osteoclasts at the tumor/bone surface compared to naïve
mice 14 days post-injection. In addition, there was a significant increase in systemic and local RANKL
expression in tumor-bearing tibias compared to non-tumor-bearing tibias 21 days post-inoculation [36].
An experiment conducted by Whang et al. established a model using eight-week-old SCID mice with
intratibial injection of PC-3 cells to produce osteolytic lesions. The results found that subcutaneous
administration of a RANKL antagonist (RANK:Fc, 15 mg/kg) effectively blocked the establishment
and progression of osteolytic lesions formed by PC-3 cells. In contrast, RANK:Fc treatment did not
prevent the formation of osteoblastic lesions but inhibited the progression of established osteoblastic
lesions [37].

Taken together, these previous findings reiterate that: (a) OPG may be beneficial in preventing
osteolytic lesions but overexpression of OPG leads to osteoblastic lesions, and (b) a high level of
RANKL expression causes osteolytic lesions, thus RANKL blockade will potentially limit the formation
and progression of osteolytic lesions. Hence, maintenance of a balanced profile between OPG and
RANKL may represent a potential therapeutic strategy for interfering with prostate tumor metastases
and progression to bone.

2.3. The Role of the TGF-β Signaling Axis

Transforming growth factor-beta (TGF-β) is produced by osteoblasts and stored in the mineralized
bone matrix in its latent (inactive) form. It is activated during osteoclastic bone resorption to initiate
new bone formation by osteoblasts [38]. TGF-β also enhanced the expression of OPG, which inhibits
osteoclastogenesis [39]. Coincidentally, the activation of TGF-β also promotes the development of bone
metastases via stimulating metastatic tumor cells within bone microenvironment to secrete factors that
result in osteolytic destruction of bone [40].

A previous study by Leto et al. investigated the circulating levels of Activin A (a member of
the TGF-β superfamily) in prostate cancer patients with or without bone metastases. The results
showed that the level of Activin A was significantly higher in prostate cancer patients with bone
metastases compared to those without bone metastases, pointing that Activin A might be implicated in
the pathogenesis of bone metastases [41]. Another study also indicated that TGF-β2 was secreted from
PCa-118b cells (a patient-derived xenograft) generated from the osteoblastic lesion [42]. An animal
study done by Mishra et al. emphasized that TGF-β signaling blockade inhibited osteoblastic bone
formation and tumor incidence. Four- to five-week-old male athymic nude mice after 10–16 weeks of
intracardiac injection with a prostate cancer cell line (PacMetUT1) had osteoblastic bone metastases in
the skull, ribs, and femur [43]. Knockdown of TGF-β1 in mice and systemic administration of TGF-β1
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receptor kinase inhibitor were found to decrease bone tumor growth and osteoblastic bone formation
in vivo after seven weeks [43]. Additionally, Rafiei and Komarova reported that inhibition of TGF-β
receptor 1 and macrophage-colony stimulating factors (M-CSF) synergistically resulted in attenuation
of prostate cancer-induced osteoclastogenesis [44].

On the other hand, other studies have reported contrary outcomes on the role of TGF-β in prostate
cancer bone metastases. An in vitro study by AlShaibi et al. found that the TGF-β derived from
prostate cancer cells induced the expression of Noggin, which is an important suppressor of the
differentiation of osteoblast lineage cells in bone metastases [45]. Whereas findings from a study by
Katopodis et al. showed that the enhancement of OPG expression in PC-3 cells by MG-63 cells is not
mediated by TGF-β1 [35]. Hence, findings from these studies implied that TGF-β has complex and
divergent roles in bone homeostasis and the dysregulation of the TGF-β signaling axis has implications
in bone disease.

2.4. The Role of Bone Morphogenetic Protein (BMP)

Bone morphogenetic protein (BMP) belongs to the TGF-β superfamily, which functionally
stimulates the replication and differentiation of normal cells in the osteoblast lineage. It also plays a
crucial role during the process of mesoderm induction, neural tissue differentiation, and morphogenesis
of various tissues [39,46]. Interestingly, BMPs are not only synthesized by osteoblasts but also secreted
by prostate cancers. The unusual expression of BMPs in prostate cancer has been implicated in the
progression of the disease.

A study by Bobinac et al. investigated the expression of BMP-2, BMP-3, BMP-4, BMP-5, BMP-6,
and BMP-7 in cancer tissue obtained from prostate cancer patients with established bone metastases.
The results showed that all BMPs were expressed in all malignant and normal prostate tissues.
Specifically, the expression of BMP-3 and BMP-5 was relatively higher whereas the expression of BMP-7
was comparatively lower in prostate cancer tissue than normal tissue. However, the expression of
other BMPs such as BMP-2/4 and BMP-6 was not significantly different. The authors confirmed that
different types of BMPs displayed different expression levels, thus identifying that BMP proteins might
be useful for monitoring tumor status in prostate cancer with bone metastases [47]. Another study by
Feeley et al. demonstrated that: (a) High BMP receptors were expressed in the PC-3 cells; (b) BMP-2
stimulated PC-3 cell proliferation; (c) BMP-2 and BMP-4 stimulated PC-3 cell migration and invasion;
and (d) BMP-7 had no effect on PC-3 cell proliferation, migration, or invasion. In the same study,
PC-3 cells implanted into SCID mouse tibia resulted in the formation of osteolytic lesions as early as
two weeks and completely destroyed the proximal tibia at week eight. This study suggested that BMPs
might influence the formation of osteolytic prostate cancer metastases [48].

Autzen et al. also examined the expression of BMP-6 mRNA in matched prostatic primary and
secondary bony lesions and in isolated skeletal metastases from prostatic adenocarcinomas. They found
that BMP-6 mRNA was detected in 11 out of 13 bone metastases from samples of prostate carcinoma
patients. The BMP-6 mRNA appeared to be strongly expressed in prostatic adenocarcinoma both in the
primary tumor and in bone metastases [49]. Masuda et al. have investigated the biological relationship
between the expressions of BMP-6 and BMP-7 in normal and metastatic bone tissues in an earlier study.
This study revealed that the expression level of BMP-7 was significantly higher in metastatic bone
lesions than in normal bone. However, there was no significant difference between the level of BMP-6
expression in metastatic bone lesions from prostate cancer and the level in normal bone tissue [50].
A further study done by Masuda and colleagues found a high expression level of BMP-7 in the normal
prostate glandular tissues while BMP-7 expression was low during the development and progression
of prostate cancer. In the same study, they also examined the expression of BMP-7 in human prostatic
epithelial cells under androgen replacement and the results showed higher BMP-7 expression in the
dihydrotestosterone-treated prostate epithelial cells than non-treated groups [51].

The Wingless (Wnt) proteins, produced by prostate cancer, have been shown to have autocrine
tumor effects through enhancing the proliferation of the tissue. Interestingly, it can also act as a
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paracrine hormone to induce osteoblastic activity in bone metastases [10]. The ability of BMPs and
Wnts as mediators to regulate osteoblastic activity in prostate cancer bone metastases have been
evaluated by Dai et al. Administration of Wnt3a and Wnt5a, or knockdown of DKK-1 (a Wnt inhibitor),
induced BMP-4 and BMP-6 expressions and promoted activation in prostate cancer cells. Wnt3a, Wnt5a,
and conditioned medium from C4-2B or LuCaP 23.1 cells have been identified to induce osteoblast
differentiation in vitro. With the addition of DKK-1 and Noggin (antagonist of BMPs) to the conditioned
medium, the activity of prostate cancer-induced osteoblast differentiation was diminished. Results also
found that knockdown of BMP expression in C4-2B cells inhibited Wnt-induced osteoblastic activity.
These findings indicated that Wnts and BMPs have a strong relationship in prostate cancer-induced
osteoblast differentiation [52].

Taken together, BMP expressions are detectable in either normal prostate tissue or prostate cancer
cells. The pattern of BMP expression has a close relationship with the progression of prostate cancer
and contributes to the onset of bone lesions. It is clear that BMPs play a role in the vicious cycle
of metastatic bone formation from prostate cancer. BMPs produced by prostate cancer will induce
osteoblastic activities and promote osteoblastic lesions. On the other hand, BMPs synthesized by
osteoblasts subsequently enhance the growth of prostate cancer cells allowing further production of
BMPs from prostate cancer.

2.5. The Role of Other Growth Factors

The involvement of other growth factors and their respective receptors in metastasis of prostate
cancer has been extensively investigated, as they are believed to enhance the invasiveness of prostate
cancer. So far, the growth factors and growth factor receptors tested were growth differentiation factor
15 (GDF15), fibroblast growth factor 3, 9, and 19 (FGF3, FGF9, and FGF19), chemokine C-X-C motif
ligand 1 (CXCL1), galectins, β2-microglobulin, IGF-1, IGF-2, the epidermal growth factor receptor
(EGFR), the hepatocyte growth factor receptor (HGFR), as well as the vascular endothelial growth
factor receptor 2 (VEGFR2).

An extensive study by Lee et al. studied various growth factors (including GDF15, FGF3, FGF19,
CXCL1, galectins, and β2-microglobulin) critical to the tumor-bone-microenvironment events in a
patient-derived xenograft (PCa-118b) generated from osteoblastic bone lesions. Researchers have
identified the interplay of these secretory proteins that exerted both autocrine and paracrine influence
on tumor and stromal cells (osteoblasts) [42]. The role of FGF9 and AR in the mechanism of prostate
cancer pathogenesis, in view of its resistance to castration, has been investigated [53]. FGF9 induced
osteoblast proliferation and new bone formation in human AR-negative prostate cancer xenografts
which overexpressed FGF9 relative to other bone-derived prostate cancer cells. Positive FGF9
immunostaining in prostate cancer cells was recorded in all (100%) cases of bone metastasis as
compared to 43% in primary tumors derived from human organ-confined prostate cancer. Furthermore,
mice treated with FGF9-neutralizing antibody were seen to develop smaller bone tumors and reduced
bone formation [53]. Moreover, the effects of bone-associated growth factors such as IGF-1 and IGF-2
on prostate cancer cell proliferation were evaluated. These growth factors produced by bone cells
increased proliferation of three different prostate carcinoma cell lines (LNCaP, PC-3, and DU-145) [54].

Apart from that, the role of EGFR/Erb-B2 receptor tyrosine kinase 2 (ERBB2) signaling in prostate
cancer metastasis into the bone microenvironment has also been enumerated [55]. The study suggested
that osteoblast-directed induction of signaling activity involving EGFR and ERBB2 in prostate carcinoma
cells might be culpable in bone metastasis. EGFR and ERBB2 activation in LNCaP cells under the
influence of osteoblast-derived sarcoma cells (OHS) has been reported to activate EGFR/ERBB2
signaling pathways in LNCaP cells co-cultured with osteoblastic cells that had been differentiated from
human mesenchymal stem cells or OHS cells. This finding supported the rationale for the use of EGFR
or ERBB2 inhibitors for prophylaxis or cure of prostate cancer metastasis in the androgen-sensitive
stage [55].
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A study demonstrated that dual-kinase inhibition of c-Met (a HGFR) and VEGFR2 by cabozantinib
reduced cancer growth in bone and inhibited osteoblasts in models using the prostate cancer cells
PC-3 and C4-2B [56]. Although the signaling mechanism remains unclear, inhibition of c-Met and/or
VEGFR2 was able to reverse osteoclastogenesis promoted by conditioned media from osteoblasts
treated with IGF-1, hepatocyte growth factor (HGF), or vascular endothelial growth factor-A (VEGF-A).
Furthermore, HGFR and VEGFR2 inhibition caused a reduction in RANKL and M-CSF, which are the
factors essential for osteoclastogenesis [56].

In summary, the accumulated evidence postulated that growth factors are signaling molecules,
which support the events involving the tumor and the bone microenvironment during prostate
cancer metastases. These growth factors directly increased tumor cell proliferation as well as engage
bone stromal cells via stimulation of osteogenesis and osteoclastogenesis (bone matrix turnover),
thus promoting metastatic activities.

2.6. The Role of Inflammation

Acute inflammation is a biological response triggered by harmful stimuli such as infection,
trauma, and tissue injury to eliminate the source of damage [46]. The tumor microenvironment is
unequivocally linked with inflammation, whether the infiltration of immune cells engages with tumor
cells causing inflammation or chronic inflammation promotes the malignant transformation of cells
and carcinogenesis [57,58].

A study by Lu et al. measured the cytokine expression in conditioned medium collected from
primary prostate epithelial cells (PrEC) and prostate cancer cells (PC-3) cells. Results obtained from
this study found that prostate cancer cells produced a high amount of monocyte chemotactic protein-1
(MCP-1) and interleukin-8 (IL-8) compared to PrEC cells. It also found that neutralizing antibodies
for MCP-1 and IL-8 synergistically inhibited the prostate cancer conditioned, medium-induced bone
resorption [59]. In a subsequent study, Lu et al. reported that activation of the MCP-1/CCR2 axis
promoted prostate cancer growth in bone. Firstly, the authors found elevated MCP-1 level in the serum
of patients with bone metastases compared to localized prostate cancer. Secondly, CCR2 knockdown
significantly diminished the MCP-1-induced prostate cancer cell invasion. Thirdly, MCP-1 knockdown
significantly decreased prostate cancer conditioned, medium-induced osteoclast formation. Finally,
an in vivo study found that MCP-1 knockdown PC-3 cells implanted into the tibia of SCID mice for
four weeks diminished PC-3 tumor growth in bone [60].

In an experiment performed by Morrissey et al., it was found that IL-6 was highly expressed in
prostate cancer bone metastases. PC-3 cells inhibited osteoblast activity and induced osteoblast to
produce IL-6 that promoted osteoclastogenesis [61]. In addition, a recent study by Roca et al. observed
that macrophage-driven efferocytosis (a process of continually clearing of apoptotic cancer cells by
immune system phagocytes during tumor progression) induced the expression of pro-inflammatory
cytokines, such as C-X-C motif chemokine ligand 5 (CXCL5) by activating the signal transducer and
activator of transcription 3 (STAT3) and the nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) signaling. CXCL5-deficient mice had reduced tumor progression. These findings
suggested that the myeloid phagocytic clearance of apoptotic cancer cells accelerated CXCL5-mediated
inflammation and tumor growth in bone [62]. In summary, findings from available evidence suggest
the alleviation of chronic inflammation as a potential therapeutic approach for prostate cancer
bone metastases.

2.7. The Role of Biochemical Markers

The involvement of endogenous biochemical markers of bone metabolism in cancer metastasis
into the bone microenvironment has been a subject of scrutiny for decades. Bone metastases from
prostate carcinoma have been characterized as predominantly osteoblastic and/or osteolytic in nature.
In view of this, the serum level of bone-specific ALP, a marker of osteoblast proliferation, is evidently
elevated during the course of bone metastases [8,63]. Other studies on markers of bone metabolism
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such as osteocalcin (OCN), urinary calcium, hydroxyproline, and pyridinoline have been carried
out [23,24,64]. On the other hand, both pyridinoline and deoxypyridinoline (bone resorption markers)
were significantly elevated in prostate cancer patients with bone metastasis when compared to control
group and patients without bone metastasis [65]. The authors suggested that these bone markers
have a good degree of bone specificity by reflecting the extent of bone metastasis more accurately
than other bone markers and PSA due to their bone-specificity as they are not metabolized internally
and unaffected by diet [65]. In a study involving 83 specimens from 70 patients with prostatic cancer
(32 with and 38 without bone metastasis), the pyridinoline cross-linked carboxyterminal telopeptide
(CTP) level was correlated with the extent of disease score more than PSA and other bone markers [64].
In another study, the level of TRAP (a bone resorption marker) and total regional bone mineral content
(BMC) measured in 64 patients (32 patients and 32 controls) was found to be significantly different
in the pelvis, legs, and trunk of patients compared to the control [66]. These findings confirmed a
corresponding increase in bone resorptive (osteoclastic) activity alongside bone osteoblastic activity
during bone metastasis [64,65].

Urokinase, a member of serine proteases that also function as a growth factor to osteoblastic
cells, is believed to play a catalytic role in the metastasis of prostate cancer to the skeleton and
extraskeletal sites. In a model of urokinase overexpression, Copenhagen rats inoculated with MatLyLu
rat prostate carcinoma cells transfected with plasmids encoding overexpression of urokinase (pYN-ruPA,
pYN-ruPA-AS) were investigated for the pattern of metastasis [67]. The study outcomes revealed
significantly earlier and more widespread development of bone metastasis in the ribs, scapula,
and femora of rats inoculated with pYN-ruPA (14–15 days) as compared to the control that manifested
metastasis only in the lumbar vertebrae at 20–21 days post inoculation. Biochemical assay and
histological evaluation revealed an accompanying progressive increase in serum ALP level and
osteoblastic activity compared to the control animals [67].

Another marker, p45-sErbB3 (belonging to the ErbB3 family), has been shown to play a vital role
in bone metastasis of prostate cancer. In a clinical study involving 108 men with androgen-dependent
and independent disease, higher levels of sErbB3 were seen in men with a positive and negative bone
scan [68]. However, men with the androgen-independent disease and a positive bone scan with higher
sErbB3 took longer time to show detectable bone metastases (82 months) than in men with lower
sErbB3 (41 months). Although high levels of sErbB3 did not imply better survival benefit after bone
metastasis, the correlation between higher sErbB3 levels and longer bone metastasis time indicated
that sErbB3 had a role in prostate cancer metastasis in bone [68].

In a bid to understand the mechanism of prostate cancer-induced osteoblastic differentiation,
semaphorin 3A (Sema 3A), a marker that is believed to be involved in the regulation of bone
metabolism, has been investigated [69]. In a study utilizing cultured osteoprogenitor MC3T3-E1 cells,
three prostate cancer cell lines (C4–2, LNCaP, and PC-3) and Sema 3A short hairpin RNA, Western blot
and immunofluorescence analysis revealed higher Sema 3A production in C4-2 cells than in LNCaP
and PC-3 cells. Down-regulation of Sema 3A expression caused a corresponding decrease in C4-2
cell lines, which implied the inhibition of osteogenic differentiation manifested by decreased ALP
and osteoblastic mineralization. Furthermore, neutralizing Sema 3A in C4-2 cells with Sema 3A short
hairpin RNA diminished the expression of β-catenin in the MC3T3-E1 cells. Thus, C4-2 cell-induced
osteogenic differentiation in MC3T3-E1 cells was believed to be mediated by Sema 3A/NRP1 signaling.

2.8. The Role of Estrogen

The presence of an estrogen receptor in the prostate suggests that estrogen may act directly in the
prostate epithelial cells [40]. An earlier in vivo study demonstrated that the combination of estradiol
and testosterone increased the incidence of prostate cancer to nearly 100% [70]. Functional estrogen
receptor-alpha (ERα) is essential for the development of prostate cancer, evidenced by the inability
of testosterone and estradiol to induce prostate cancer in ERα-knockout mice [71]. Apart from that,
estrogen is found to exert agonistic effects on bone tissue. Inevitably, the direct action of estrogen on
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bone cells (osteoblast, osteoclast, and osteocytes) results in increased bone formation and reduced
bone resorption [72]. The lack of ERα-mediated RANKL suppression contributed to the increase in
bone resorption in the estrogen-deficient mice [73]. Since estrogen and ERα signaling are the common
factors for bone metastasis and bone remodeling, the potential role of estrogen in prostate cancer bone
metastasis is considered.

Evidence from Mishra et al. found that prostate cancer PacMetUT1 cells with ERα-knockdown
were able to inhibit osteoblastic lesion formation [74]. The results also suggested that estrogen
signaling promoted crosstalk between cancer and osteoblastic progenitors to stimulate osteoblastic
tumorigenesis through significant induction of osteogenic markers in pre-osteoblast co-cultured with
cancer cells. Thus, inhibition of ERα signaling in prostate cancer cells may be beneficial in order to
inhibit osteoblastic lesion development, especially in patients with prostate cancer.

3. Conclusions

Prostate cancer cells have a strong predilection to spread to the bone, promoting osteolytic
and/or osteoblastic lesions via various signaling molecules aforementioned (Figure 1). Once bone
metastasis is established, the current treatment is designed to be palliative and not curative which aims
to decrease tumor burden, prevent further progression and metastasis of tumor cells, and alleviate
tumor-associated bone pathologies (such as fracture and pain) [75]. Thus, the effort in searching for
a potential therapeutic intervention deterring the metastasis of prostate carcinoma to the bone can
be very challenging. Following tumor expansion to the metastatic stage, the therapeutic strategies
should not only focus on inducing cancer cell apoptosis, but also targeting the survival factors and
their subsequent signaling networks critical for the progression of bone metastases.
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Currently, there are a few therapeutic agents that have been approved by the Food and Drug
Administration (FDA) to prevent skeletal-related events in metastatic castration-resistant prostate
cancer, such as bisphosphonate (zoledronic acid) and denosumab. Both of these agents showed their
ability to reduce bone fragility [76–78] and delayed metastases [79]. Interestingly, new agents in prostate
cancer with specific effects on bone like cabozantinib (XL184) [80] and dasatinib [81], which acted as a
novel receptor tyrosine kinase inhibitor, have also been investigated. Another potential agent that can
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be used in prostate cancer treatment is endothelin-A receptor (ETAR) antagonist, such as atrasentan.
Endothelin-1 (ET-1) is known to have a role in the pathogenesis of cancer, particularly prostate cancer.
It acts through its receptor, ETAR, to promote cell proliferation [82]. A meta-analysis conducted
by Qiao et al. reported that treatment with atrasentan lowered the level of PSA and incidence of
bone pain. Besides, the increasing of PSA and bone ALP were delayed in atrasentan-treated prostate
cancer patients. These outcomes reiterated that atrasentan exerted a potential effect in controlling
cancer-related bone pain and skeletal complications in prostate cancer patients [83].

This review has uncovered the multifactorial mechanisms and complex tumor-bone interactions
that occur in the bone metastatic microenvironment. We justify that the modulation of bone
resorption and bone formation is the main concept for inhibition of bone metastases since the
bone microenvironment contributes to the aggressive behavior of metastatic prostate cancer cells.
The decrease in bone resorption and increase in bone formation will potentially improve an osteolytic
lesion, while the decrease in bone formation and increase in bone resorption will potentially improve
an osteoblastic lesion. However, the concomitant occurrence of osteoblastic bone lesions along with
osteolytic bone lesions in advanced prostate cancer further complicates the conditions and prevents
the development of a bone-directed therapy.
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ALP Alkaline phosphatase
AR Androgen receptor
BMC Bone mineral content
BMD Bone mineral density
BMP Bone morphogenetic protein
CTP Pyridinoline cross-linked carboxyterminal telopeptide
CXCL1 C-X-C motif chemokine ligand 1
CXCL5 C-X-C motif chemokine ligand 5
EGFR Epidermal growth factor receptor
ERα Estrogen receptor-alpha
ERBB2 Erb-B2 receptor tyrosine kinase 2
ET-1 Endothelin-1
ETAR Endothelin-A receptor
FDA Food and Drug Administration
FGF Fibroblast growth factor
GDF15 Growth differentiation factor 15
HGF Hepatocyte growth factor
HGFR Hepatocyte growth factor receptor
IGF Insulin-like growth factor
IL-8 Interleukin-8
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemotactic protein-1
M-CSF Macrophage-colony stimulating factors
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
OCN Osteocalcin
OHS Osteoblast-derived sarcoma cells
OPG Osteoprotegerin
PSA Prostate-specific antigen
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PTH Parathyroid hormone
PTHrP Parathyroid hormone-related peptide
RANK Receptor activator of nuclear factor-kappa B
RANKL Receptor activator of nuclear factor-kappa B ligand
Runx2 Runt-related transcription factor 2
SCID Severe combined immunodeficient
Sema 3A Semaphorin 3A
STAT3 Signal transducer and activator of transcription 3
TGF-β Transforming growth factor-beta
TRAP Tartrate-resistant acid phosphatase
VEGF-A Vascular endothelial growth factor-A
VEGFR2 Vascular endothelial growth factor receptor 2
Wnt Wingless
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