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Abstract. Prostate cancer (PCa) is one of the most prominent
causes of cancer-related mortality in the male population. A
highly impactful prognostic factor for patients diagnosed with
PCa is the presence or absence of bone metastases. The forma-
tion of secondary tumours at the bone is the most commonly
observed site for the establishment of PCa metastases and is
associated with reduced survival of patients in addition to a
cohort of life-debilitating symptoms, including mobility issues
and chronic pain. Despite the prevalence of this disease presen-
tation and the high medical relevance of bone metastases, the
mechanisms underlying the formation of metastases to the
bone and the understanding of what drives the osteotropism
exhibited by prostate tumours remain to be fully elucidated.
This lack of in-depth understanding manifests in limited effec-
tive treatment options for patients with advanced metastatic
PCa and culminates in the low rate of survival observed for
this sub-set of patients. The present review aims to summarise
the most recent promising advances in the understanding of
how and why prostate tumours metastasise to the bone, with
the ultimate aim of highlighting novel treatment and prog-
nostic targets, which may provide the opportunity to improve
the diagnosis and treatment of patients with PCa with bone
metastases.
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1. Introduction

Prostate cancer (PCa) is one of the most significant causes of
morbidity and mortality in the global male population, presenting
as the second most commonly diagnosed malignancy and the
fifth most predominant cause of mortality in men worldwide (1).
A number of risk factors relating to PCa incidence have been
identified, with the most prominent being age; 75% of all patients
diagnosed with PCa are over the age of 65. Additionally to this,
other risk factors which predispose an individual to developing
PCa have been identified, including being of African-American
heritage, living in a more economically-developed country, and
certain genetic factors (1-3).

Prostate cancer diagnosis and treatment. Patients with
suspected PCa are primarily diagnosed through the use of
an initial digital rectal examination (DRE) and the current
gold-standard prostate-specific antigen (PSA) blood test,
followed by confirmation of diagnosis through magnetic reso-
nance imaging (MRI) or transrectal ultrasound (TRUS) guided
biopsy (4,5). The growth and development of PCa is largely
driven through androgen receptor (AR) signalling. Therefore,
following diagnosis, the most widely utilised approach to
treating patients is androgen deprivation therapy (ADT).
However, despite the initial disease regression commonly
observed with ADT, 2-3 years after commencing treat-
ment a significant majority of patients will go on to develop
ADT-resistant tumours, which are termed castrate-resistant
PCa (CRPC) (6). The treatment options available for treating
CRPC patients has significantly improved in recent years,
most predominantly having been revolutionised through the
development of androgen receptor-axis targeted (ARAT)
agents, such as abiraterone and enzalutamide (7,8). Despite
these advances, CRPC remains to be a predominantly fatal
disease, with the median survival for these patients being
relatively dire at 9-36 months (9,10).
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Prostate cancer bone metastases. Bone metastases is a
commonly observed clinical occurrence for PCa patients, with
secondary skeletal tumours being apparent in around 10% of
patients diagnosed with primary disease and up to 80% of
patients with later-stage PCa (11,12). The presence or absence
of bone metastases in PCa patients has significant prognostic
implications. This can be highlighted by the findings of one
study in which it was reported that the 3- and 5-year survival
rate for PCa patients with bone metastases was 47.70 and
32.42%, respectively, in comparison to 98.43 and 97.28% in
patients without bone metastases (12). In addition to the prog-
nostic impact of bone metastases, it is also associated with
significant debilitating co-morbidities, including severe bone
pain and fractures (13).

One of the most extensively described features of PCa cells
which possess the capability to form secondary tumours at the
bone is the ability to interact with and modulate the activity of
the resident bone cells, osteoblasts and osteoclasts, in order to
generate a preferential microenvironment to support tumour
establishment. Osteoblasts and osteoclasts are involved in
the bone remodelling process, which is a naturally occurring
process in which bone tissue is progressively broken down
and built back up again in order to maintain healthy skeletal
structure and function, as well as playing an integral role in
calcium homeostasis (14,15). However, a number of studies
have documented that cancer cells which colonise the bone
have the ability to interact with these resident bone cells
in order to disrupt the carefully regulated balance of bone
resorption in order to promote the formation of secondary
tumours (16-18).

Despite PCa having a well-known predilection for forming
secondary tumours at the bone, the molecular mechanisms which
underpin this tropism remain to be fully elucidated. Gaining
a better understanding of these mechanisms may provide the
opportunity to identify more clinically relevant biomarkers to
enable the earlier detection of metastatic disease to the bone, in
addition to potentially providing novel therapeutic targets.

2. Bone metastases formation in prostate cancer

In order for a secondary skeletal tumour to be established, PCa
cells must first undergo a step-wise process in which succes-
sive molecular expression changes must occur to support
detachment from the primary tumour site, survival in the
blood stream and settlement at the distal site (19). According to
the ‘seed and soil” hypothesis first stipulated by Paget in 1889,
in order for a circulating tumour cell to colonise a secondary
site the microenvironment of the distal loci must be hospitable
to support the settlement and establishment of a secondary
tumour (20). A key feature underpinning the capacity of a
circulating PCa cell in establishing a secondary tumour at the
site of the bone is the ability to interact with the resident osteo-
blasts and osteoclasts in order to generate a microenvironment
that can support the growth of a tumour (18).

Prostate cancer cell interactions with osteoblasts and osteo-
clasts in bone metastases formation. Bone metastases can be
defined as either osteoblastic, osteolytic or mixed, depending
on the mechanistic involvement of osteoblasts and osteoclasts
in the formation of secondary tumours (21). In the instance of

PCa, the significant majority of cases present with osteoblastic
metastases (22-24).

Osteoblastic (also called sclerotic) bone lesions are char-
acterised by an imbalance in resorption activity in which
osteoblasts are preferentially activated whilst the activity
of osteoclasts are downregulated (25). Excessive osteoblast
activity results in a net gain in bone tissue that presents in
patients as irregular woven bone that is highly under-miner-
alised. This results in the generation of highly frail bone
tissue that is liable to fracture (26). Areas of osteoblastic bone
metastases formation are commonly associated with parallel
areas of heightened osteoclast activity, which gives rise to
both osteopenic and osteodense areas arising within the same
lesion (27,28).

In comparison, osteolytic bone lesions arise as a result of
hyper-activity of osteoclasts; the cells responsible for bone
resorption (29). Osteolytic bone metastases are characterised
by excessive bone degradation due to a heightened bone
resorption activity of osteoclasts. The formation of osteolytic
bone metastases has been described as a ‘vicious cycle’ in
which PCa cells secrete factors which enhance the differentia-
tion and activity of osteoclasts, and in-turn, osteoclasts secrete
factors which further promote the survival and growth of
localised PCa cells (18).

Despite the marked difference in the activity of osteoblasts
and osteoclasts in sclerotic and osteolytic bone lesions, the
subtype of bone lesion is not currently utilised to inform treat-
ment approach in the clinic. This may be a result of the fact
that the subtype of bone lesion has been shown to result in
no difference in patient survival (30). However, personalised
treatment approaches and patient stratification based on
bone metastases presentation may provide the opportunity to
improve the current survival statistics and quality of life for
patients that have PCa which has metastasised to the bone.

Osteoblastic bone metastases. The vast majority of PCa
patients that present with bone metastases have osteoblastic
lesions. For example, one study of 55 PCa patients found that
70.9% had osteoblastic metastases, compared to 16.4% of
patients having osteolytic metastases and the remaining 12.7%
having mixed osteolytic and osteoblastic lesions (30). Despite
the high occurrence of osteoblastic bone lesions in PCa and a
number of other cancer types the mechanisms through which
cancer cells may promote the formation of osteoblastic lesions
are not well established. However, studies have demonstrated
an irrefutable relationship between PCa cells and osteoblasts
in the formation of sclerotic lesions, and some of the potential
signalling pathways involved have been highlighted in the liter-
ature. For example, one study reported that culturing the CRPC
cell line, C4-2B, in osteoblast conditioned media, resulted in
increased PCa cell proliferation through an androgen-inde-
pendent signalling mechanism (31). Furthermore, it has been
demonstrated that PCa cells secrete a number of factors
which promote the differentiation and activity of osteoblasts.
One example of this is prostatic acid phosphatase (PAP)
which has been shown to be secreted by PCa cells and plays
an important role in osteoblastogenesis. The importance of
PAP in sclerotic bone metastases can be highlighted by the
findings of Kirschenbaum et al (32) who reported that 100%
of PCa bone metastases tissue samples had high expression
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of PAP. Furthermore, it was found that co-culture of mouse
pre-osteoblast cells with the PAP-secretory human PCa cell
line, VCaP, induced osteoblast maturation. The secretion
of PAP has been shown to play a role in modulating the key
nuclear factor-kB (RANK)/RANK-L/osteoprotegerin (OPG)
signalling axis involved in controlling osteoclast and osteo-
blast differentiation. For example, it has been demonstrated
that PAP overexpression in a metastatic bone-derived PCa
cell line results in a concurrent increase in OPG and decrease
in RANK/RANK-L expression. This change in expression
profile was demonstrated to result in elevated osteoblast matu-
ration and the generation of osteoblastic lesions in an in vivo
model (33).

Another factor which may be utilised by PCa cells in
order to promote the formation of osteoblastic bone lesions
is OPG (34). OPG is a soluble decoy receptor which acts to
prevent the interaction between RANK and RANK-L, and
thereby inhibits osteoclast maturation (35,36). It has been
previously shown that OPG expression is significantly higher
in PCa cell lines compared to normal cell lines (34,37,38).
Furthermore, in one study it was reported that 73% of patient
samples taken from metastatic PCa (mPCa) were positive for
OPG expression, in comparison to 19% of primary carcinoma
samples, with a marked increase in OPG expression being most
apparent for bone lesions (34). Additionally to this, C4-2 PCa
cells which were stably transfected to overexpress OPG were
found to inhibit osteoclast maturation and resulted in height-
ened bone mineral density and bone volume in vivo (36). In
addition to PAP and OPG, a number of additional PCa-derived
secretory factors, such as fibroblast growth factors (FGFs),
endothelin-1 (ET-1), insulin-like growth factor-1 (IGF-1) and
urokinase-type plasminogen activator (uPA) have all been
demonstrated to induce dysfunctional osteoblastic activity
giving rise to sclerotic lesions (39-43).

The enhancement of osteoblast differentiation and activity
then in turn further promotes the proliferation of localised PCa
cells through the release of growth factors, such as IGF-1, and
cytokines, such as interleukin-6 and -8 (IL-6 and -8) (40,43).
A summary of the mechanisms through which osteoblasts and
PCa cells may interact in order to facilitate the formation of
sclerotic lesions are summarised below in Fig. 1.

Osteolytic bone metastases. Osteolytic bone metastases are
not a common occurrence in PCa and when they do occur, they
primarily present as a solitary metastasis (44,45). However,
there are some limited documented cases of diffuse osteolytic
lesions occurring in PCa patients (45-53).

The generation of osteolytic bone metastases arises as a
result of specific signalling factors expressed by localised PCa
cells that promote the maturation and activity of osteoclasts.
For example, it has been demonstrated that PCa cells with
the ability to form osteolytic bone lesions express elevated
levels of parathyroid hormone-related peptide (PTHrP), which
binds to receptors on osteoblasts and facilitates a downregu-
lation in expression of OPG and an upregulation in receptor
activator of RANK-L expression (18,54-56). The expression
of RANK-L on the surface of osteoblasts facilitates binding
to the RANK receptor which is expressed on the surface of
pre-osteoclasts, resulting in enhanced osteoclast maturation
and activity (57,58). In addition to these factors, PCa cells may

also upregulate osteoclast activity through the release of a
number of pro-inflammatory factors, such as tumour necrosis
factor o (TNF-a), and cytokines, such as interleukin-1 (IL-1)
and IL-6, via downstream signalling cascades (59).

Ultimately, the excessive resorptive activity of osteoclasts
and inhibition of osteoblasts results in a bone resorption
imbalance that favours uncontrolled bone degradation. This
generates a ‘vicious cycle’, as the degradation of bone tissue
leads to the release of a number of growth factors, including
IGF-1, vascular endothelial growth factor (VEGF), bone
morphogenic proteins (BMPs), platelet-derived growth factor
(PDGF) and excessive calcium, which then further promotes
the growth and proliferation of PCa cells (18,60-62). Not only
do these changes in the microenvironment help to further aid
and support the growth of PCa cells, but it also leads to the
formation of the physical space to enable the formation of a
metastatic tumour (63). The interplay between PCa cells and
osteoclasts in order to promote the establishment of secondary
tumours is a highly complex and dynamic process which
remains to be fully investigated. However, a summary of some
of the key interactions outlined in the literature to date can be
summarised in Fig. 2.

Molecular changes involved in bone metastases formation. In
addition to interacting with the resident bone cells in order to
promote secondary bone metastases formation, PCa cells with
the ability to metastasise must undergo sequential changes
to protein expression which will facilitate dissociation from
the primary tumour site, survival in the circulatory system,
extravasation at a distal site, and establishment of a secondary
tumour. Due to the highly complex, multi-step nature of this
process vast numbers of molecular changes must occur to
enable a metastatic event to take place. Although the principle
molecular changes which underpin the metastatic process are
already well-documented in literature, novel aberrations to
both protein expression and post-translational modifications
specific to bone cancer metastases are becoming apparent in
the literature (19).

Role of integrins and cadherins in prostate cancer bone metas-
tases. One example of an important molecular change which
underpins the ability of a circulating cancer cell to establish
secondary tumours at the site of the bone is alternative integrin
expression. Integrins are a family of transmembrane receptors
that mediate cellular adhesion to the extracellular matrix (ECM)
and to other neighbouring cells (64,65). A number of changes to
integrin expression have been reported to play a role in cancer
metastases, including integrin avp3. Abnormal expression of
avf3 plays a role in facilitating bone metastases in PCa through
a multitude of mechanisms. For example, it has been shown
that avp3 on PCa cells may enable tumour cell adhesion to the
localised bone ECM through interacting with the RDG motif on
fibronectin. This facilitates a downstream signalling cascade that
ultimately results in cytoskeletal protein rearrangement, leading
to protein fibre contraction and enabling invasion of the PCa cell
into the bone ECM (66,67). In addition to the direct interactions
of avf3 in facilitating ECM invasion, it has also been shown
that avp33 modulates the activity of matrix metalloproteinases
via aberrations to the phosphoinositide 3-kinase (PI3K) signal-
ling pathway in order to promote the degradation of localised
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Figure 1. A summary of the key molecular interactions between metastatic PCa cells and osteoblasts in the formation of osteoblastic bone metastases. PCa
cells and osteoblasts secrete OPG, which acts as a soluble decoy receptor to inhibit the interaction between RANK and its ligand, RANK-L. The inhibition
of this interaction prevents the maturation of osteoclasts, and promotes the activation of osteoblasts, thereby facilitating bone reformation. Furthermore, PCa
cells have also been shown to secrete PAP. PAP has been demonstrated to stimulate osteoblast maturation through modulating the RANK/RANK-L/OPG axis,
and promotes collagen synthesis and alkaline phosphatase production to facilitate further bone formation. In addition to this, PCa cells secrete a number of
additional factors which stimulate the maturation and activity of osteoblasts, such as FGFs, BMPs, ET-1, IGF-1 and uPA. Mature osteoblasts have similarly
been shown to secrete a number of factors which further support the survival and growth of localised PCa cells, such as IGF-1, IL-6 and IL-8. The net
increase in osteoblast activity results in the formation of bony outgrowths which are colonised by sclerotic bone metastatic PCa cells (32-43,132). Created with
BioRender.com. BMPs, bone morphogenic proteins; ET-1, endothelin-1; FGFs, fibroblast growth factors; IGF-1, insulin-like growth factor 1; IL, interleukin;
OPG, osteoprotegerin; PAP, prostatic acid phosphatase; PCa, prostate cancer; RANK, receptor activator of nuclear factor kB; RANK-L, RANK-ligand; uPA,

urokinase-type plasminogen activator.

ECM (68,69). Similarly, integrin avf33 interactions promotes
vascularisation via PI3K/Akt pathway activation leading to
VEGEF expression, further supporting the establishment of a
secondary tumour (70-72). Furthermore, av33 has been shown
to recruit and activate additional downstream proteins which
help to prevent immune-recognition, such as TGFf, which
further promotes tumour cell survival in the circulation (73).

The therapeutic potential of targeting integrins to prevent
bone metastases in PCa patients has been investigated. An
example of this is in one phase II study which investigated the
use of a pan-av integrin inhibitor, abituzumab, in a cohort of
patients with asymptomatic or mildly symptomatic mCRPC.
Despite finding no significant difference in progression-free
survival (PFS) between the abituzumab-treatment group and
the placebo group, significantly fewer patients in the abitu-
zumab-treatment group experienced bone lesion progression
relative to the patients on placebo (74,75).

In addition to integrins, a number of other protein expression
changes have been shown to play a role in modulating the ability
of PCa cells to colonise the bone. For example, alterations to

the expression profile of cadherins are a well-characterised
aberration which play a key role in cancer metastases through
promoting epithelial-to-mesenchymal transition (EMT). EMT
is generally characterised by a loss of E-cadherin expression and
an increase in N-cadherin expression, which promotes cellular
dissociation from the primary site and enables migration and
invasion of cancer cells at distal sites (65,76). For example,
in one study looking at paired prostate bone metastases and
primary tumour samples, it was found that both E-cadherin
and [(3-catenin were uniformly downregulated in expression in
all of the metastatic tissues assessed compared to the matched
primary samples (77). Furthermore, a number of studies have
reported an upregulation of N-cadherin in patients and in vivo
studies in the instance of metastases (78-80). The clinical utility
of targeting N-cadherin using antibodies have been shown to
block metastases and result in disease regression in in vivo
studies (81).

Role of glycosylation in bone metastases formation. In addi-
tion to the interactions between PCa cells and bone cells in
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Figure 2. Molecular interactions between osteoclasts and PCa cells leading to the formation of lytic bone metastases. PCa cells with the ability to give rise to
lytic bone metastases have been shown to secrete a number of factors which promote osteoclast maturation and activity, and concurrently, downregulate osteo-
blast maturation and activity, in order to generate a supportive niche for the growth of a bone lytic tumour. PCa cells secrete PTHrP, which inhibits the release
of osteoblast-derived OPG, an inhibitor of the interaction between RANK and its ligand, RANK-L. This facilitates the binding of RANK-L to RANK on the
surface of pre-osteoclasts, which initiates an intracellular signalling cascade resulting in osteoclast maturation. In addition to this, it has been demonstrated
that PCa cells secrete a number of inflammatory factors, including IL-1, IL-6 and TNFa, which act to further stimulate osteoclast maturation and activity.
Mature osteoclasts have been demonstrated to further promote the growth of PCa cells through the secretion of a similar subset of pro-inflammatory factors.
The heightened levels of bone resorption results in a net loss in bone tissue, and generates a ‘vicious cycle’ in which the degradation of bone leads to the release
of a number of growth factors, including BMPs, PDGFs, IGF-1 and VEGF, which act to further promote the survival and development of localised PCa cells.
Furthermore, the excessive breakdown of bone leads to elevated levels of calcium in the tumour microenvironment, which has been demonstrated to interact
with calcium ion receptors expressed on the surface of PCa cells, in order to further facilitate cancer cell survival and growth (18,54-63,180). Created with
BioRender.com. BMPs, bone morphogenic proteins; IGF-1, insulin-like growth factor 1; IL, interleukin; OPG, osteoprotegerin; PCa, prostate cancer; PDGFs,
platelet-derived growth factors; PTHrP, parathyroid hormone-related peptide; RANK, receptor activator of nuclear factor kB; RANK-L, RANK-ligand; TRPC,
transient receptor potential canonical; VEGF, vascular endothelial growth factor.

the establishment of secondary bone tumours, a number of
other biological processes have been implicated as playing a
key role in bone metastases formation. One example of this is
glycosylation. Glycosylation is a ubiquitous feature of cellular
proteins in which sugar groups are enzymatically added
post-translationally to proteins and lipids in order to generate
glycan chains (82). Alterations to glycosylation in cancer
has been identified as a potential driver of metastasis, and
moreover, may play a role in premeditating the site-preference
exhibited by cancer cells when forming secondary metastatic
tumours (83,84). Although not widely investigated, a cohort
of studies have published findings indicating that changes to
glycans and their associated glycosylation enzymes may play
a role in predisposing PCa cells to establishing secondary
tumours at the bone.

One example of how abnormal glycosylation may impact
metastasis and osteotropism in PCa is the glycosphingolipid,

GM1. The bone-mPCa cell line, C4-2B, has been shown to
express an abnormally glycosylated form of GM1, which has the
capacity to interact the integrin, a2f1, to facilitate invasive cell
behaviour. The role of the o231 integrin in bone metastasis has
been previously outlined in literature, with PCa patients that have
bone metastases being found to have significantly greater expres-
sion of a2P1 relative to patients with soft tissue metastases (85).
In addition to this, elevated levels of 02,3-sialylation and expres-
sion of the responsible sialyltransferase enzyme, ST3GAL3, were
found to be more highly expressed in the bone-invasive PCa cell
lines relative to non-invasive counterparts (86). This may provide
a potential insight into one of the mechanisms through which
PCa exhibits a preference for settlement at the bone, through
altering the cellular glycosylation profile to promote attachment
and invasiveness at secondary skeletal sites.

Furthermore, one of the most extensively documented
interactions involved in bone metastasis is the interaction
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between E-selectin and its preferential ligand, sialyl-LewisX
(sLeX) (87). It has been previously demonstrated that
extravasation of PCa cells at the site of the bone is mediated
by interactions between E-selectin ligands, such as sLeX,
and E-selectin, which is expressed on endothelial bone cells.
Moreover, it has been demonstrated that PCa cell lines with
the capacity to invade bone tissue express the fucosyltrans-
ferase enzymes, 3 and 6 (FUT3 and FUT6), at a 31- and
10-fold higher expression, respectively, in comparison to
normal, non-invasive prostate tissue. These FUT3 and FUT6
enzymes play an integral role in the catalytic creation of
sLeX ligand (88).

Another example which highlights a potential role for
aberrant glycosylation in PCa metastasis is cleaved galectin-3
(Gal-3). Cleaved Gal-3 expression is positively associated with
metastasis in PCa and is closely related to PSA levels (89).
Furthermore, secreted Gal-3 has been found to be elevated
specifically in PCa patients with bone metastases. The
secreted, cleaved version of Gal-3 interacts with myosin-2A
which attenuates osteoclast differentiation, and thereby
generates a bone niche which is supportive of sclerotic bone
metastases formation (90).

Although glycosylation appears to play a role in deter-
mining the ability of circulating PCa cells to colonise
secondary skeletal sites, the metastatic process is highly
complex and involves a multitude of interactions and altera-
tions to cellular expression profiles to facilitate each stage of
metastasis (91). Extensive and dynamic sequential changes
to the expression of a great number of proteins, including
cadherins, integrins and GTP-binding proteins underpins
the ability of PCa to establish a secondary tumour at the
bone. However, as alterations to glycosylation poses as a
plausible contributing factor to the ability of PCa to metas-
tasise to the bone it may provide a potentially efficacious
therapeutic target for the discovery of novel treatments and
biomarkers for patient disease identification and treatment
stratification.

In vitro models of prostate cancer bone metastasis. Due to
the clinical relevance of bone metastases in cancer, the ability
to study this process in vitro is of high importance. However,
due to the extensive complexity of the molecular pathways
involved in the metastatic cascade, in addition to difficulties in
recapitulating patient physiology, models are often limited and
lack translational efficacy (92).

However, significant recent advances have led the devel-
opment of promising models for studying metastases both
in vitro and in vivo. For example, improved knowledge of
the molecular pathways which underpin a metastatic event
have led to studies which have demonstrated that knocking
down CD44 and CD147 in PCa cells results in reduced inva-
siveness. Furthermore, xenografts of these knock-down cell
lines in in vivo models have demonstrated reduced tumour
growth and metastatic capacity (93). This knowledge can
then be applied to generate models in which key drivers of
metastases, such as CD44 and CD147, can be modulated to
somewhat recapitulate the molecular profile of metastatic
tumour cells (94,95).

Despite advances in the understanding of the molecular
pathways which underpin metastasis, human cell line-based

models remain limited in their translational efficacy. This is
duetoalack of clinical relevance in recapitulating the complex
interplay between the multiple cell types that are involved
in tumour formation. For example, increasing evidence
has indicated that the stromal microenvironment plays an
integral role in the metastatic cascade (96,97). Therefore,
2-dimensional (2D) models which aim to allow the investiga-
tion of tumour cell interactions with the surrounding ECM
have been generated, including scratch or wound healing
assays and transwell cell migration assays (92). Although
these assays provide improved translational efficacy in
comparison to human cell line-based models, they fail to
fully recapitulate the architectural and cellular complexity
of metastatic tumour formation in vivo. Therefore, an alter-
native approach to modelling metastasis experimentally is
through the use of 3-D models. One example of a 3-D model
of metastasis in vitro is the use of perfusion bioreactors
which aim to experimentally recreate the mechanical tension
on the ECM caused by constant tissue perfusion. Studies
have indicated that the inclusion of perfusion bioreactors
in modelling metastasis enables a better representation
of the cellular functionality of human mesenchymal stem
cells (hMSCs) and initiates the expression of EMT markers
in bone-metastasised PCa models (98). In addition to this,
the capacity to model metastasis in vitro has further been
improved through the ability to grow 3-D models of prostate
tumours. For example, establishing human prostate organ-
oids from induced pluripotent stem cells (iPSCs) and the
growth of patient-derived xenograft models. These models
then have the capacity to be co-cultured alongside other cell
types commonly observed in the tumour microenvironment
to better model tumour-stromal interactions (99,100).

Furthermore, the translational capacity of these models
has been significantly improved due to recent advances in the
development of novel nanocomposite materials and scaffolds.
These materials can provide biophysical and biochemical
signals to cells to promote tissue formation, whilst also
enabling nutrient supply and waste removal to occur due the
porous nature of the structures. Therefore, these materials
enable better recreation of the metastatic microenvironment
in which a secondary tumour forms in vivo (101,102). These
novel biomaterials can be utilised in models which allow
the study of tumour cells which metastasise to the bone. For
example, the use of calcium-phosphate-based biomaterials,
such as hydroxyapatite (HAP), have been used to model bone
metastases due to their similarity with the mineral composi-
tion observed in human bone. These HAP nanoparticles in
combination with collagen have been shown to support osteo-
blast colonisation and promote bone-ingrowths. Additionally
to this, it has been shown that PCa cell lines undergo
morphogenic changes and have the ability to colonise these
scaffolds (102,103).

These recent developments in the generation of novel, effi-
cacious models of metastasis will enable more in-depth study
of the molecular mechanisms which underpin the formation
of secondary tumours, and hopefully inform the development
of future targets for treating and preventing bone metastasis
occurrence.

3. Treatments for patients with prostate cancer with bone
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metastases

The treatment options for patients diagnosed with meta-
static disease has improved significantly over recent years,
however the survival statistics for this subset of patients still
remains relatively poor, with the medium overall survival for
patients with mPCa being around 21 months (10). For patients
diagnosed with mPCa, the treatment options available are
dependent on the hormone-status of the disease and prior
treatment regimes. Patients diagnosed with hormone-naive
metastatic disease may be treated with ADT in combination
with abiraterone, docetaxel, enzalutamide or apalutamide, or
for patients that are deemed to not have the capacity to tolerate
combination therapy may receive ADT alone. Patients who
have a low tumour volume may alternatively be treated with
radiotherapy. In addition to this, patients may be prescribed
bone health agents, such as zoledronic acid, which are utilised
to help manage bone pain, initiate disease regression and
prevent further skeletal related events (SREs) (104,105). For
patients diagnosed with castrate-resistant metastatic disease,
the first-line treatment approaches are abiraterone, docetaxel
or enzalutamide monotherapeutically. For those patients who
are found to be not suitable for these treatment approaches
and have the presence of bone metastases, patients may be
prescribed the bone-targeting agent, radium 223 dichloride
(radium-223). Patients needing treatment as a second-line
approach or following disease progression that is refractory
to docetaxel are treated with abiraterone, cabazitaxel, enzalu-
tamide, or radium-223 (104). The currently utilised approach
to clinical management of PCa patients with metastatic disease
is summarised in Fig. 3.

Current treatments for prostate cancer bone metastases.
The high prevalence of PCa bone metastases and resultant
life-limiting nature of the associated symptoms necessitates
the ability to successfully prevent and treat bone metas-
tases formation and progression. A number of treatment
approaches with the aim of limiting the progression of
bone metastases and managing the associated symptoms
have been developed, including bisphosphonates and other
bone-targeting therapies, corticosteroids, radiation therapies
and surgical intervention.

Despite the fact that the vast majority of metastatic events
in PCa are osteoblastic, osteoclast-inhibiting therapeutics have,
until recently, been the only treatment approaches approved
for managing PCa bone metastases. Osteolytic-based inter-
ventions are thought to demonstrate a degree of success as
previous studies have indicated that a significant proportion
of patients with bone metastases have mixed osteolytic and
osteoblastic lesions. Furthermore, it is a widely accepted
dogma that simultaneous activation of osteoclasts may be
concurrent with osteoblastic lesions. This is thought to be
due to the natural feedback system designed to maintain the
homeostasis of bone resorption, in which activated osteoblasts
may promote the maturation of pre-osteoclasts in order to
achieve an equilibrated rate of bone turnover (27,28).

Bisphosphonates. Bisphosphonates act to inhibit osteo-
clast maturation and ultimately result in osteoclast
apoptosis (106,107). Bisphosphonates were originally

developed with the view to treat osteolytic bone lesions.
However, due to the concurrent upregulation of osteolytic
activity in areas of sclerotic metastases, these drugs have
been applied to the clinical management of mPCa disease,
with variable success (108-110). For example, pamidronate
disodium has been investigated for its utility in treating
skeletal metastases progression and the associated bone pain
experienced by patients. However, results have been largely
inconclusive and show no notable significant improvement
to disease or symptom management (111,112). This may
be a result of pamidronate disodium not being as potent as
some of the more recently developed bisphosphate treat-
ments available in the clinic, such as zoledronic acid (113).
Zoledronic acid is the most widely utilised bisphosphonate
for the management of bone metastasis in PCa patients due to
its reported ability to delay the time to SRE and a reduction
in bone pain experienced by patients (114). Despite reported
efficacy for disease management with zoledronic acid,
results are variable and some studies report inconclusive
findings. For example, in one study assessing the clinical
utility of zoledronic acid in 645 patients with early stage
PCa, it was found there was no significant improvement to
the time to first SRE (31.9 months with zoledronic acid vs.
29.8 months with placebo) or overall survival (111). However,
a number of studies have reported findings in support of a
clinical benefit for the use of zoledronic in treating mPCa
disease. For example, Kamba er al (115) reported finding
a significant improvement to the time to the first SRE of
18.8 months in patients treated with zoledronic acid and
ADT compared to patients that received ADT alone. As a
result of the findings of this study and others, NICE guide-
lines currently recommend the use of bisphosphonates for
pain management in PCa patients with bone metastases, and
specifically zoledronic acid for preventing or reducing the
occurrence of SREs (116,117).

A number of studies have reported the results of treating
bone mPCa patients with bisphosphonates, as summarised
below Table I.

Denosumab. As an alternative to bisphosphonates, a human
monoclonal antibody which targets RANK-L, called deno-
sumab, has been developed. In one phase 3 study, 1,904 patients
with CRPC with no previous exposure to bisphosphonates were
allocated to either denosumab, or the current gold-standard
therapy, zoledronic acid. It was found that there was a signifi-
cant improvement to the median duration to the first detected
SRE in the denosumab group (20.7 months), compared to
zoledronic acid (17.1 months). Both drugs were found to be
similarly well-tolerated between the treatment groups, however
a greater occurrence of adverse events such as hypocalcaemia
(13% vs. 6%) and osteonecrosis of the jaw (2% vs. 1%) was
observed with the denosumab treatment group (118). Despite
the relatively improved efficacy of treating mPCa patients with
denosumab relative to bisphosphonate intervention, the cost
associated with denosumab treatment is considerably higher.
For example, one cost-benefit study carried out indicated that
1 year treatment of a PCa patient with denosumab would cost
an estimated $35,341 in comparison to $27,528 for zoledronic
acid treatment, and this increase in cost could not be justified
by the predicted improvement to the occurrence of SREs (119).
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ADT + abiraterone

ADT + docetaxel
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Figure 3. Clinical management options for patients diagnosed with metastatic prostate cancer, depending on the clinical presentation of disease being
hormone-naive or castration-resistant (first-line), or as a second line (/post-docetaxel treatment) therapeutic intervention according to European Society for
Medical Oncology clinical practice guidelines (104). Created with BioRender.com. ADT, androgen deprivation therapy; RT, radiotherapy.

Despite denosumab being approved for the treatment of other
solid tumours which have metastasised to the bone, such as
breast cancers, denosumab is not currently recommended for
PCa bone metastases treatment or management according to
NICE guidelines (120).

Radiopharmaceuticals. An alternative, more recently intro-
duced approach to managing bone metastases in patients with
PCa is the use of radiopharmaceuticals. A number of radio-
pharmaceutical agents have received approval by the FDA to
manage skeletal secondary tumours in patients with advanced
PCa [Phosphorus-32 (32P), Strontium-89 (89Sr), Samarium-153
(153Sm) in combination with ethylenediaminetetramethylene-
phosphonic acid (Sm-EDTMP or 153Sm lexidronam)]. Despite
improvements to patient-reported pain, these interventions
have been shown to provide no survival benefit (121-126).
However, a promising alternative is radium-223. Radium-223
is an FDA-approved alpha-emitting radionucleotide that is

selectively taken up in areas of high bone turnover (due it being
a calcium-mimetic) and subsequently initiates apoptosis in
resident PCa cells, thereby facilitating tumour regression (127).
Despite other bone-specific radiopharmaceuticals not having
demonstrated a significant impact on patient survival to date,
a phase 3 trial reported finding treatment with radium-223
achieved a significant improvement to patient quality of life, and
an improvement to overall survival of 3.6 months (128,129). As a
result of this trial, radium-223 is now approved for the treatment
of patients with mCRPC with symptomatic bone metastases and
no known visceral metastases (104,127).

Despite the recent improvements to the currently available
therapeutic interventions for managing bone metastases in
patients with PCa, there remains only a marginal improvement
to patient survival and pain management. The current limita-
tions to the efficacy of therapeutic interventions necessitates the
development of novel treatment targets for the clinical manage-
ment of patients with mPCa to the bone.
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Table I. A summary of the key clinical trials investigating the clinical benefit and improvement in quality of life in patients
diagnosed with prostate cancer following treatment with the different classes of bisphosphonates (181).

Pain Skeletal related Overall
First author/s, year Bisphosphonate experienced events survival (Refs.)
Elomaa et al, 1992 Clodronate Benefit N/A No benefit (182)
Vorreuther et al, 1992 Benefit No benefit N/A (183)
Adami et al, 1989 Benefit N/A N/A (184)
Strang et al, 1997 No benefit N/A N/A (185)
Kylmili et al, 1997 Benefit N/A N/A (186)
Ernst et al, 2003 No benefit N/A No benefit (187)
Mason et al, 2007 N/A No benefit No benefit (188)
Dearnaley et al, 2003 N/A N/A Benefit (189,190)
Small et al, 2003 Pamidronate No benefit No benefit N/A (111)
Lipton et al, 1994 Benefit N/A N/A (191)
Figg et al, 2005 Alendronate N/A N/A No benefit (192)
Sweeney et al, 2010 Risedronate N/A No benefit N/A (193)
Meulenbeld et al, 2012 No benefit N/A No benefit (194)
Hahn et al, 2014 N/A Benefit N/A (195)
Hoskin et al, 2015 Ibandronate No benefit N/A No benefit (196)
Saad et al, 2002 Zoledronate Benefit Benefit No benefit (197)
Abetz et al, 2006 Benefit N/A N/A (198)
Weinfurt et al, 2006 Benefit N/A No benefit (116)
Leto et al, 2006 Benefit N/A N/A (199)
Coézar Olmo et al, 2008 Benefit Benefit N/A (200)
Saad et al, 2004 N/A Benefit N/A (201)
Fulfaro er al, 2005 Benefit N/A N/A (202)
Saad et al, 2005; Benefit Benefit N/A (203-205)
Saad et al, 2007;
Saad et al, 2010
Paparella et al, 2011 Benefit N/A N/A (206)
Uemura et al, 2013 N/A N/A Benefit (207)
Wang et al, 2013 Benefit Benefit No benefit (208)
Ueno et al, 2013 Benefit Benefit Benefit (209)
Chiang et al, 2013 Benefit Benefit N/A (210)
Pan et al, 2014 N/A N/A Benefit 211)
Smith et al, 2014 No benefit No benefit No benefit (212)
Wirth et al, 2015 N/A No benefit N/A (213)
James et al, 2016 No benefit Benefit No benefit (214)
Kamba et al, 2017 N/A Benefit No benefit (115)
Denham et al, 2012; N/A N/A No benefit (215-217)

Denham et al, 2014;
Denham et al, 2019

N/A, not assessed.

Future potential treatment targets for prostate cancer bone
metastases. The mainstay of intervention for PCa patients
with bone metastases is currently predominantly limited
to osteoclast-targeting therapies despite the significant
majority of PCa patients having sclerotic (osteoblastic) bone
lesions (30). Therefore, alternative therapeutic targets based
on inhibiting the aberrant activity of osteoblasts may be a
more efficacious approach to treating PCa bone metastases.

One target that may have future clinical utility for preventing
osteoblast-mediated metastatic tumour formation is PAP. PAP
is a secretory glycoprotein produced by PCa cells that was
the first described human tumour marker (130). Circulatory
levels of PAP have been found to be higher in PCa patients
with more advanced disease, particularly in those with the
presence of bone metastases (131,132). PAP has been shown
to promote osteoblast maturation and activity through
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modulating the RANK/RANK-L/OPG system to promote
OPG levels, leading to a concurrent inhibition of osteoclasts
and promotion of osteoblast activity (32,33). The clinical
efficacy of inhibiting PAP for the treatment of PCa patients
has already been demonstrated through the development of
the first FDA-approved anti-tumour vaccine, sipuleucel-T,
which targets PAP for generating a targeted host immune
response (133,134). Sipuleucel-T had been shown to reduce the
risk of death by 33% in patients with advanced PCa in two
phase III randomised, double-blind, placebo-controlled trials,
leading to its FDA approval (135). Furthermore, early phase
trials are currently being conducted to investigate the poten-
tial clinical utility of combining sipuleucel-T treatment with
radium-223 and have shown improvements to overall survival
in patients with mCRPC (136). However, no treatments directly
targeting PAP enzymatic activity for the treatment of sclerotic
bone metastasis in PCa are currently in clinical trials.

Another alternative proposed target for the develop-
ment of therapies for treating PCa bone metastases is ET-1.
ET-1 is secreted by PCa cells and promotes osteoblastogen-
esis (41,137,138). This knowledge has led to the development
of an inhibitor targeting the ET-1 receptor, ETA, called
atrasentan (ABT627). Despite pre-clinical indications yielding
positive results, the reported findings of clinical trials to date
have been variable and inconclusive for treatment efficacy
in PCa patients with skeletal secondary tumours (139-141).
Atrasentan has also been investigated for clinical efficacy in
combination with docetaxel for the treatment of patients with
mCRPC in a phase III trial, however the trial was terminated
prematurely due to no indication of patient benefit (142). The
potential to develop novel, more potent inhibitors of ET-1 may
have the capacity to provide clinical benefit for PCa patients
with sclerotic bone metastases.

A number of alternative therapeutic approaches to treating
patients with mPCa are currently being investigated, however,
further future elucidation of the molecular interplay between
metastasising PCa cells and resident bone cells will hopefully
enable the identification of novel, more efficacious therapeutic
targets for the clinical management of PCa bone metas-
tasis (125).

4. Biomarkers for the diagnosis and treatment stratification
of patients with prostate cancer with bone metastases

The presence of bone metastases for PCa patients has signifi-
cant prognostic implications, and the treatments available to
manage patients at this stage of disease remain limited and
have little effect on prolonging patient survival (12,143).
Current diagnostic approaches utilised for patients which
present with suspected bone metastases in the clinic encom-
pass a blood test for a variety of factors (serum calcium,
phosphorous, 25-hydroxyvitamin D, alkaline phosphatase,
creatine, parathyroid hormone, thyroid-stimulating hormone
and specific globulins detected by serum protein electropho-
resis) in combination with imaging approaches (144). Although
this method of diagnosis has a relatively high success rate for
identifying bone metastases in patients, secondary tumours
are already well-established at the point of being detectable
through imaging and blood-based assessments. Therefore, it
would be beneficial to have the capacity to identify patients

with a high risk of developing secondary bone metastases
prior to the metastatic event taking place, or in lieu of this,
at the earliest stage of development possible. This would
enable better stratification of the clinical management and
treatment of PCa patients. Currently, there is no singular
reliable biomarker widely utilised in the clinic to identify or
stratify PCa patients in regards to the presence or absence of
bone metastases, however a number of approaches have been
suggested in the literature to date.

Biomarkers of bone remodelling. Identifying specific
biomarkers with the ability to distinguish between osteolytic
and osteoblastic metastatic lesions would be desirable to
achieve better patient stratification and enable personalised
treatment approaches. However, areas of osteolytic bone
metastases are commonly associated with a concurrent,
parallel upregulation of osteoblastic activity, which is thought
to be as a result of a localised bone-formation response in an
attempt to repair an osteolytic lesion (145). This phenomenon
gives rise to a difficulty in establishing biomarkers that are
specific to the individual sub-class of bone cell involvement in
metastases formation.

One of the most widely utilised biomarkers in identifying
bone metastases currently in the clinic is serum alkaline
phosphatase. Alkaline phosphatase is a marker of osteoblast
differentiation and activity, and studies have indicated a
link between the progression of bone metastases and serum
phosphatase levels, although the clinical utility of serum phos-
phatase as a biomarker of PCa disease progression remains
inconclusive (21,146). Despite this, alkaline phosphatase is
currently implicated as part of a panel of factors assessed
to monitor disease progression and treatment response in
PCa (144). Previous studies have indicated that serum alkaline
phosphatase may prove to be an efficacious marker for the
identification of patients with bone metastases. For example,
Karhade et al (147) found that following investigation of
serum alkaline phosphatase levels in 732 patients with meta-
static disease that levels were significantly higher in patients
with both bone and visceral metastases. Furthermore, it was
found that elevated serum alkaline phosphatase levels acted
as a prognostic factor for the survival of patients with bone
metastases (147). However, it was reported that elevated serum
alkaline phosphatase was associated with both skeletal and
non-skeletal metastases, and therefore this marker may not be
exclusive to the presence of bone metastases.

Another potential marker of the presence of bone metas-
tases is serum levels of calcium. Hypercalcaemia has been
demonstrated to be associated with a higher incidence of
osteolytic bone lesions, greater bone pain and a significantly
poorer prognosis in PCa patients (148). In addition to this,
elevated calcium levels may act as a predictor for the risk of
patients developing fatal PCa. One study of 2,814 men found
that those with the highest serum calcium levels were three
times more likely to die from PCa in later life (149). In addition
to the potential prognostic use of calcium for the identification
of lytic bone lesions, it may similarly be utilised in identi-
fying sclerotic bone lesions. Heightened osteoblast activity
and subsequent bone formation could result in a reduction in
circulatory calcium levels as calcium is utilised in the bone
formation process. One study investigating the clinical utility
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of urine-based calcium for predicting the success of treating
osteoblastic bone lesions found that PCa patients with sclerotic
metastasis that demonstrated regression after treatment had
increased urine calcium levels following chemotherapy, and
a concurrent decrease to urine calcium levels in those patients
which had disease progression in spite of chemotherapy (150).
This indicates that monitoring serum calcium levels may
enable the identification of sclerotic bone lesions in PCa
patients, in addition to having the potential utility to monitor
treatment success following chemotherapeutic intervention.

Relying on the discovery of a singular biomarker for
accurate identification of bone metastases in PCa patients
may be limiting due to the highly dynamic nature of the
bone resorption process, individual patient variability and
the impact of biological variance on the expression of these
factors. Therefore, a more efficacious approach may be to
identify a panel of biomarkers of bone turnover to identify
aberrations to this process in metastases formation. In one
study, the diagnostic accuracy of a panel of serum biomarkers
for bone formation and bone osteoclastogenesis markers were
assessed in 117 PCa patients in comparison to 35 patients with
benign prostatic hyperplasia (BPH) and a further 35 normal
samples. It was found that the bone formation markers, total
and bone-specific alkaline phosphatase ({ALP and bALP) and
amino terminal procollagen pro-peptides of type 1 collagen
(PINP), and the bone resorption markers, bone sialopro-
tein (BSP), tartrate-resistant acid phosphatase (TRAP),
cross-linked N-terminal (NTX) telopeptide of type 1 collagen
and OPG, were all found at significantly greater levels in the
serum of patients with metastases compared to those without
metastases. Furthermore, it was found that elevated levels of
these factors was associated with significantly reduced survival
compared to patients with lower detected serum levels (151).
Despite the efficacy of these biomarkers collaboratively
in identifying the presence of bone metastases, the serum
levels of these factors individually do not reliably distinguish
between lytic and sclerotic bone metastases.

Attempts to identify efficacious biomarkers that are specific
to the predominant bone cell activity in metastases formation
have been carried out. For example, markers of osteoblast
activity, such as osteocalcin, hydroxyproline, pyridinolene and
markers of collagen degradation have all been investigated
for their efficacy as biomarkers for sclerotic bone metastases
formation, with variable success (152-155).

Despite some biomarkers, such as serum alkaline phos-
phatase and calcium, already being utilised as part of a panel
of factors in some clinics to identify and diagnose bone
metastases, these factors remain to have limited specificity
and sensitivity in their diagnostic capacity. Therefore, future
identification of novel biomarkers specific for osteolytic or
sclerotic bone tumours may provide earlier and more effica-
cious diagnostic potential for the identification and treatment
of patients with bone metastases.

Circulating tumour cells as blood-based biomarkers.
Circulating tumour cells (CTCs) are cancer cells that have
originated from a primary or metastatic tumour that can be
isolated from patient blood. CTCs have been investigated in a
number of cancer subtypes for their prognostic efficacy with
variable success reported to date (156). It has been demonstrated

that the use of CTCs in order to identify PCa patients with
metastatic disease may have some clinical utility. For example,
in one study in which 76 mCRPC patient blood samples were
compared to 180 patient samples with localised disease and
19 healthy samples, the expression levels of KLK3, KLK2 and
PSCA in isolated CTCs was assessed to determine variability
in expression between metastatic and non-metastatic disease.
It was reported that patients with metastatic disease were
found to be significantly more likely to test positive for KLK?2
and KLK3 expression in comparison to patients with localised
disease (49% vs. 8%), and normal samples were negative for
the expression of both genes. Furthermore, the expression of
KLK2 and KLK3 was found to be correlated with survival and
acted as a better prognostic indicator in this cohort in compar-
ison to serum PSA (157). Furthermore, circulating tumour
cells have been shown to recapitulate the expression profile
of skeletal metastasis, which could be utilised to identify the
presence of secondary bone metastases and also inform the
implementation of individualised treatment approaches for
patients with skeletal disease (158).

Micro RNAs as biomarkers of bone metastases. Another
potential avenue for the discovery of an efficacious biomarker
for the diagnosis of bone metastatic disease in PCa patients
is the use of microRNAs (miRNAs). miRNAs are short,
non-coding RNAs which are typically 19-26 nucleotides
in length. They are thought to function by suppressing gene
expression post-transcriptionally by binding to complemen-
tary messenger RNA (159). miRNAs can be found free in
the serum or contained in extracellular vesicles in the serum,
urine and semen. Once isolated, they can then be reliably
profiled through easily accessible techniques such as quantita-
tive polymerase chain reaction (QPCR) (160-163). A number
of miRNAs have been identified as potentially playing a role
in PCa development and progression (160,162,164-166). One
miRNA which has gained particular interest in the respect
of being a potential biomarker for the identification of bone
metastases in PCa patients is miR-141. For example, in one
study comparing the serum miR-141 levels in 6 patients with
BPH, 20 with localised PCa and 30 with bone-mPCa it was
found that miR-141 levels were significantly higher in those
patients with bone metastases and were also correlated with
the number of bone metastatic lesions. Interestingly, no
correlation was found between serum miR-141 and PSA (the
currently utilised gold-standard biomarker for the diagnosis
of PCa), indicating an additive diagnostic potential to what is
currently available in the clinic (167).

Another potential miRNA that could be used to identify
bone metastases in PCa patients is miR-205. miR-205 is
predominantly expressed by basal cells in the prostate tissue
and has been shown to inhibit tumour proliferation, apoptosis
and cancer cell aggressiveness (165,168). Despite miR-205
expression levels being lower in the serum of individuals with
PCarelative to healthy controls, it has been shown that miR-205
expression is significantly elevated in patients with bone metas-
tases compared to PCa patients without bone metastases (164).
Furthermore, a number of additional miRNAs have been
identified as showing promising indications for the ability to
distinguish patients with bone metastases, including miR-96,
miR-135b, miR-15, miR-16, miR-21 and miR505-3p (169-173).
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In addition to the potential application of miRNAs as clinical
biomarkers, they have also been investigated for their utility as
potential therapeutic interventions (174,175).

Despite promising emerging evidence supporting the
potential of using miRNAs as biomarkers in PCa, incon-
sistencies in the findings of different studies are a common
occurrence making it difficult to draw definitive conclusions
on the efficacy of individual miRNA-based biomarkers.
This may largely be a result of variability in experimental
design in the way that miRNAs are isolated from PCa
patients and subsequently processed. To circumvent these
issues, specific guidelines outlining recommendations for
sample acquisition, handling and analytical processing
have been suggested in the literature in order to improve
reliability and reproducibility in this field of research (176).
An example of one method which may enable more accu-
rate quantification of miRNAs in patient samples is the
use of spike-ins in order to allow for sample normalisa-
tion (176,177). Another approach to improving the certainty
in identifying which miRNAs may act as the most effica-
cious biomarkers for diagnosing and monitoring PCa is
through the use of meta-analysis approaches (178,179). For
example, Pashaei er al (179) carried out a meta-analysis on
six miRNA datasets looking at PCa recurrence following
radical prostatectomy and identified a common upregula-
tion in 15 miRNAs, and a common downregulation in 22
miRNA genes across the datasets analysed.

As a result of the seemingly high efficacy in identifying
bone metastases, coupled with being easily and non-invasively
isolated from patients and quantitatively assessed through
widely accessible laboratory techniques, miRNAs may pose
an attractive alternative diagnostic tool for the identification of
bone-metastatic disease in PCa patients in the future.

5. Conclusions

Despite recent advances to the treatment options available
for PCa patients with bone metastases, significant limitations
still remain which is reflected in the insubstantial options
for patient symptom management and poor overall survival
for this subset of patients. Improvements to our knowledge
of the molecular signalling changes which occur during the
formation of bone metastases, and the molecular interplay
between metastasising PCa cells and localised osteoclasts and
osteoblasts, will in the future potentially enable the develop-
ment of improved novel targeted therapeutics and biomarkers
for disease diagnosis and management. An example of how
this knowledge can be utilised to improve the morbidity and
mortality of patients with mPCa is the implementation of
Radium-223 in the clinical pathway, manifesting in significant
improvements to both patient survival and pain experienced
as a result of bone metastases. An alternative future direc-
tive for diagnosing and treating PCa patients with metastatic
disease may come from further elucidation of the roles of post-
translational modification processes, such as glycosylation,
which have been shown to play an integral role in bone
metastases formation and development.

However, despite promising advances in the field of
developing novel targeted therapeutics and identification of
bone metastases specific biomarkers, significant further work

remains to be carried out in order to improve the treatment
landscape for patients with incurable mPCa.
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