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Abstract: Akin to many other cancers, metastasis is the predominant cause of lethality in prostate
cancer (PCa). Research in the past decade or so has revealed that although metastatic manifestation
is a multi-step and complex process that is orchestrated by distinct cellular and molecular
mechanisms, the process in itself is an extremely inefficient one. It is now becoming increasingly
evident that PCa cells employ a plethora of strategies to make the most of this inefficient process.
These strategies include priming the metastatic sites ahead of colonization, devising ways to
metastasize to specific organs, outsmarting the host defense surveillance, lying in a dormant state
at the metastatic site for prolonged periods, and widespread reprogramming of the gene expression
to suit their needs. Based on established, recent, and evolving lines of research, this review is an
attempt to understand PCa metastasis from the perspective of military combat, wherein strategic
maneuvering instead of brute force often plays a decisive role in the outcome.
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1. Introduction
Similar to many other cancers, metastasis is the predominant cause of morbidity and mortality in
advanced prostate cancer (PCa). Although patient survival rates have improved over the past few years
for localized disease, patients with metastatic disease do not share these improvements. This
isunderscored by the fact that eight of the 12 cancers followed for a decade (2005–2015) showed a
decrease in the 5-year survival rates of patients diagnosed with metastatic disease, and PCa was among
these cancers [1].
Unfortunately, we know much less about the biology of metastasis than we know about primary
tumors. However, this paradigm is beginning to shift as recent research has been particularly
insightful in shaping our understanding of the broad principles that determine metastatic
manifestation, as well as the specific molecular and cellular players that drive metastasis. Research
in the past decade and a half has revealed that metastasis is a complex and multi-step coordinated
process, and that each step is dictated by distinct molecular and cellular mechanisms. The metastatic
cascade encompasses: a) growth and invasion of the primary tumor cells that breach the surrounding
basement membrane; b) intravasation into the blood stream; c) survival in circulation; d)
extravasation of the tumor cells at distant sites, and finally; e) metastatic colonization. We also have
come to comprehend that the successful execution of these individual steps, culminating in the
establishment of metastatic disease, is mediated in a large part by heterotypic interactions between
cancer cells and the tumor microenvironment, which acts as a key accomplice.
Although for the overwhelming majority of patients, metastatic disease is associated with a very
high burden of lethality, it is perplexing that the metastatic process per se is an extremely inefficient
one—only about 0.02% of cancer cells that escape the primary tumor are successful in establishing
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overt metastases [2–5]. Through a combination of factors including immune surveillance,
hemodynamic shear stress, and prospective niche incompatibility, the majority of cancer cells that
escape the primary site are rendered ineffective [3]. It is now understood that the rate-limiting step
of successful metastasis lies largely in the ability of the cancer cells to adapt and grow in the foreign
microenvironment, wherein the local microenvironmental milieu can be vastly different from that of
the primary tumor. Despite these overwhelming odds, an evolving body of research is highlighting
the fact that PCa cells win the metastasis war by employing strategy, and that these strategies
predominantly revolve around engaging the microenvironment to benefit the cancer cells, a process
that ultimately tips the odds to favor the establishment of overt metastasis.
This review is an attempt to provide a perspective in comprehending the scaffold of the
strategies utilized by disseminated PCa cells by drawing parallels between the metastatic cascade
and military combat, and thereby appreciate the uncanny resemblance between the two (Figure 1). A
thorough understanding of the framework of these strategies will translate into novel therapeutic
modalities that are specifically tailored to curtail the cross-talk between PCa cells and the metastatic
microenvironment, thereby delaying or halting the metastatic progression.
The strategies (Figure 1) used by PCa cells can be summed up and discussed as follows:

Figure 1. Various strategies devised by prostate cancer cells to overcome the odds of establishing metastasis:
Metastasis in prostate cancer (PCa) is driven by several strategies, which include pre-metastatic niche formation,
organo-tropism, reprogramming including chromatin remodeling, and immune involvement/evasion, and
dormancy at the secondary site. CAFs: cancer associated fibroblasts, miRNA: micro RNA, TGF-β: tumor growth
factor β, CTCs: circulating tumor cells, DTCs: disseminated tumor cells, CXCR4: chemokine (C-X-C motif)
receptor type 4, CXCL12: (C-X-C motif) chemokine ligand 12, MMP9: matrix metalloproteinase 9, FOXA1:
forkhead box A1, PRC2: polycomb repressive complex 2. EZH2: enhancer of Zeste Homolog 2. DNMT: DNA
MethylTransferase, SOX2: sex determining region Y- box 2.

1.1. Metastatic Tropism (Global Positioning System)
We now know that cancer cells do not metastasize in a random manner, and largely follow
organo-tropism mainly dictated by specific molecular and cellular interactions with the metastatic
microenvironment—similar to troops using the Global Positioning System (GPS) in modern military
combat (Figure 1). The beginnings of our understanding of the principles of metastatic dissemination
dates back more than a century ago when Stephen Paget made the seminal observation that although
tumor cells are broadly disseminated during metastatic progression, detectable or overt metastases
only develop at particular sites or “soils” that are preferentially adapted for the survival and
proliferation of tumor cells or “seeds.” This observation formed the basis of Paget’s “seed and soil”
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hypothesis, which propounds that the overt pattern of clinical metastases cannot be explained by the
anatomical layout of the vasculature, and that the missing crucial factor is the adaptability of the
tumor cells in the particular foreign environments [6]. Subsequent findings from several research
groups on metastatic colonization of diverse cancers have been consistent with Paget’s hypothesis
that specific organ microenvironments are more or less adaptable for the metastatic colonization of
specific types of tumor cells.
The mechanisms by which PCa cells achieve this tropism are varied and include: a) secretion of
cytokines and growth factors by the primary tumor, which prime the specific organ
microenvironments prior to arrival of the tumor cells, also known as the “pre-metastatic niche”; b)
mechanisms through which tumor cells adapt and grow in an advantageous manner in the foreign
microenvironments through production of factors e.g., prostate and breast cancer cells are known to
secrete growth factors that mediates a vicious cycle of bone remodeling, leading to clinical
complications of fractures and pain, and; c) mechanisms that facilitate tumor cell homing to specific
organ sites e.g., PCa cells are known to mimic or parasitize homing mechanisms utilized by
hematopoietic stem cells (HSCs) in colonizing the bone.
A vital mechanism by which PCa cells home to the bone is mediated by Chemokine (C-X-C
motif) Receptor type 4 (CXCR4)/Chemokine (C-X-C motif) Ligand 12 (CXCL12) signaling, and
multiple investigations have documented the seminal role of CXCR4/CXCL12 chemokine axis in PCa
homing to the bone [7–10]. Binding of the CXCL12, also called stromal cell-derived factor-1 (SDF-1),
to the G-protein coupled receptor CXCR4 mediates a plethora of functions that drive tumor growth
and metastasis through chemotaxis, cell survival, proliferation, and angiogenesis. CXCR4
overexpression in PCa is associated with an aggressive phenotype and poor survival rates [11],
CXCR4 expression correlates with increasing tumor aggressiveness, and PCa metastases display
elevated CXCR4 levels compared with primary tumors [9]. The interaction of CXCR4/CXCL12 and
the resultant downstream signaling pathways orchestrate multiple responses in PCa cells including
the survival-associated MEK/ERK signaling and activation of NF-kappa B [12,13]; and increased
interaction of PCa cells with the endothelial cells or the stromal collagen fibronectin and laminins
that occurs by the upregulation of integrins [13,14]. Mouse model studies have revealed that an
antibody against CXCR4 reduced bone metastases, and a blocking peptide against CXCR4 hindered
intra-osseous PCa growth [8]. In addition, the CXCR4/CXCL12 axis mediates angiogenesis in PCa, as
evidenced by the observation that CXCR4 over-expressing subcutaneous xenografts of PC3 cells, had
increased vascularization and a more invasive phenotype [15].
Another intriguing facet that involves CXCR4/CXCL12 signaling and PCa bone metastasis
pertains to the homing of HSCs to the bone. CXCL12 is constitutively and highly expressed by several
cells of the bone niche including osteoblasts, endothelial cells, and other bone stromal cells, wherein
its interaction with CXCR4 mediates HSC homing to the bone marrow [16,17]. In fact, disruption of
CXCR4/CXCL12 mediated signaling is a vital pre-requisite for HSC mobilization from the bone
marrow into the blood, as demonstrated by the success of CXCR4 inhibitor plerixafor as a tool for the
rapid mobilization of HSCs into human blood [18]. Further, an elegant study found that PCa cells
directly compete with HSCs to occupy the endosteal niche, indicating that homing mechanisms can
direct bone niche occupation in PCa [19]. This report also raised the possibility that agents which
result in the mobilization of HSCs from the niche may also cause mobilization of PCa cells, and
indeed the study found that mice when treated with plerixafor or G-CSF (granulocyte colonystimulating factor), that are both known to mobilize HSCs, resulted in the exodus of PCa cells from
the bone marrow [19]. The study raised a seminal clinical implication for the treatment of PCa bone
metastasis, since signals that mediate cancer cell niche-dependent behavior could provide therapeutic
niche disruption strategies that would render PCa bone metastasis more susceptible to
chemotherapeutic intervention.
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1.2. Pre-Metastatic Niche (Sending a Reconnaissance Team Ahead of the Troops)
There is growing evidence that suggests that the metastatic progression of the primary tumors
is initiated much earlier than previously thought—thereby preparing the metastatic site for
subsequent colonization by the cancer cells. In the war analogy, this is akin to sending a
reconnaissance team ahead of the troops (Figure 1). The pre-metastatic niche can be described as a
tissue microenvironment or “soil” that is undergoing a set of molecular and cellular changes to make
it more supportive and receptive for metastatic colonization by the cancer cells or “seed.” Research
on the pre-metastatic niche has been pioneered by Dr. Lyden and his colleagues [20], and the
importance of this niche in driving metastasis has been increasingly appreciated in recent years. The
pre-metastatic niche within the future metastatic sites can be initiated and established through: a)
primary tumor-derived components; b) tumor-mobilized bone-marrow-derived cells (BMDCs), and;
c) the local stromal microenvironment of the host—all working hand-in-hand to render the distant
organs hospitable for the colonization of disseminated tumor cells. The primary-tumor derived
molecular components include tumor-derived secreted factors (TDSFs), extracellular vesicles (EVs),
and other molecular components that include cytokines, chemokines, and inflammatory factors
produced by the tumor cells.
EVs serve as an important means of communication between cancer cells and its surrounding cells.
The cargo and the membrane lipids of EVs contain a variety of components including cytoplasmic
proteins, nucleic acids, and lipids—a composition that is reflective of the parent or producer cell but is
also made up of a unique mixture of proteins and genetic material [21–23]. EVs can function by directly
stimulating the target cells through interactions with ligands expressed on the surface, transferring
membrane receptors between cells, and through the horizontal transfer of proteins and genetic
information [21,24–30]. A growing body of evidence has implicated the cargo in the exosomes—the most
widely studied class of EVs—in driving varied facets of PCa progression and metastasis. For example,
exosomes from the prostate tumor microenvironment can promote EMT through the repression of tumor
suppressor genes such as Ras suppressor 1 and stromal antigen 2 [31], and tumor growth factor beta (TGFβ) from PCa-derived exosomes has been demonstrated to play a role in the conversion of bone marrow
mesenchymal cells into high VEGF and HGF secreting myofibroblasts [32].
In addition to the primary tumor microenvironment, there is growing evidence that EVs can be
released in several body fluids, as has been reported in PCa [33], and therefore EVs are thought to play
a role in the metastatic spread of PCa. In line with this hypothesis, miRNAs from EVs have been shown
to correlate with PCa metastasis and several reports have suggested that these miRNAs could be
utilized as potential biomarkers and therapeutic targets for PCa [34]. miRNA-141 and miRNA-375 have
been reported to be involved in metastatic PCa and were shown to be increased in plasma or serumderived EVs from metastatic PCa patients [35]. Moreover, expression of miRNA-141 was found to
correlate with tumor grade and metastasis [36–38]. Other reported exosomal-origin miRNAs associated
with diagnosis or prognosis of PCa include Let-7c [39], miRNA-1290, and miRNA-375 [40].
Furthermore, miRNA-34a has been reported as a predictive marker for docetaxel response in PCa
patients [41]. Another recent study has reported specific miRNAs in serum exosomes as biomarkers to
predict response to radiotherapy [42].
In addition, PCa-derived EVs have been reported to play a role in metastatic bone remodeling
including favoring the differentiation of osteoblasts, impairing the differentiation of osteoclasts, and
driving osteomimicry of PCa cells in the bone microenvironment [43–48]. Intriguingly, integrins that are
found in the exosomal cargo can be instrumental in organ-specific metastasis [49] and the transfer of αVβ6
integrins between PCa cells was shown to promote cell adhesion and migration [50]. In all, these findings
highlight the role of exosomal cargo, importantly miRNAs, in driving the metastatic process. It is also
important to note that altered miRNA levels within cancer cells have implications for regulating
microenvironment behavior, a function that extends beyond transcriptional regulation confined to tumor
cells. This is particularly important for the establishment of the pre-metastatic niche in the bone, wherein
exosome signaling is a key means of communication amongst normal niche members.
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1.3. Immune Involvement/Evasion (Coup d’état)
Many of the major innate immune cells and their members, particularly macrophages, dendritic
cells, mast cells, and natural killer (NK) cells have been correlated with tumor progression, and patient
outcome. In addition, studies using animal models have revealed that therapies targeting these cells
have the potential to improve clinical responses in both the traditional cytotoxic and the newer immunetherapeutic modalities. Under normal circumstances, these immune cells function to protect the host
from foreign intrusions. In the case of cancer and metastasis in particular, the conversion of these once
vigilant defenders to potent co-conspirators of metastatic progression can be equated to instigation of a
coup d’état against the host immune responses (Figure 1).
Most, but not all studies of PCa using pathological specimens, have found a correlation of tumorassociated macrophages with worse prognosis [51,52]. In addition, these investigations reported the
association of the M2 macrophage phenotype in higher grade tumors [53,54]. Intriguingly, it is thought
that M2 macrophages drive other elements in the stroma, particularly in mediating the conversion of
quiescent fibroblasts to carcinoma associated fibroblasts (CAFs) which work in alliance with tumor cells
to promote PCa progression [55]. In murine models of PCa, macrophage targeting utilizing CSF1
inhibitors to block macrophage migration improved radiation therapy efficacy and restored androgen
blockage sensitivity [56–58]. In addition, macrophages can play a role in the metastatic progression of PCa
as demonstrated by a recent study that showed increased cytokines associated with circulating
macrophages in docetaxel-treated patients [59]. Macrophages therefore appear to play a supportive role
in PCa progression, and macrophage-targeted therapeutic strategies have shown early signs of efficacy in
mouse models thereby highlighting the potential for trials in humans [57].
Natural Killer (NK) cells are innate lymphocytes that rapidly respond to viral infections and other
pathogenic insults. NK cells have been demonstrated to mediate cytotoxic activity against tumor cells,
and through the secretion of key cytokines and chemokines, regulate the activity of other immune cells.
Murine models have revealed that altering the activity or numbers of NK cells is associated with PCa
progression and metastasis [60]. This was verified in PCa patients where increased CD56+ NK cells
following androgen deprivation therapy (ADT) was associated with a better prognosis, whereas low
numbers of CD56+ NK cells were predictive for seminal vesicle invasion [61]. Other reports have
corroborated these findings wherein higher NK cell activation and cytotoxicity correlated with delays
in development of castration resistance as well as improved overall survival in metastatic PCa patients
[62]. Thus, akin to many cancers, emerging data suggests a crucial role of NK cells in ameliorating the
progression of PCa, and in improving therapy response.
Other innate immune cells that contribute to PCa progression include neutrophils and mast cells.
Mast cells, inflammatory tissue resident cells that protect against parasites and bacteria through their
secretion of immuno-regulatory cytokines, have been reported in PCa and increased numbers of
tumor-associated mast cells likely inhibit tumor progression and are predictive of a better prognosis
[63,64]. Conversely, mast cells also have been reported to be key mediators of early PCa development
as they produce pro-angiogenic and pro-tumorigenic matrix metalloproteinase MMP9 [65].
Therefore, the role of mast cells in PCa progression remains controversial. Along similar lines,
neutrophils are also an ambivalent player in disease progression. Although neutrophils, similar to
mast cells, appear to correlate with decreased incidence of metastatic PCa as well as response to
therapy [66], neutrophils can also secrete MMP9—which has been shown to mediate PCa progression
[67]. In all, while macrophages, mast cells, and neutrophils largely exhibit pro-tumorigenic
properties, NK cells on the other hand appear to be anti-tumorigenic [68–71]. However, the
contribution of these innate immune cells in PCa progression and metastasis needs to be further
evaluated since the precise effects of these cell types can vary depending on the stage and grade of
the disease.
T cells and B cells are lymphocytes that make up the adaptive immune system. Most immune
responses lead to the activation of these lymphocytes, resulting in the production of cytotoxic cells,
cytokines, and antibodies. In PCa, evidence of activation of the adaptive immune system is
demonstrated by studies of T cell specificity against prostatic acid phosphatase and prostate-specific
antigen—indicating existing memory T cell responses [72]. In accord with their diverse phenotypes,
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T and B cells have been documented to play complex and multi-faceted roles in cancer—both as
promoters of tumor progression, as well as key components of the anti-tumor immune responses
[73]. Analysis of prostate tumor infiltrate has revealed that increased numbers of T cells or B cells is
indicative of worse prognosis—linked to capsular or perineural invasion [74]. Particularly, these
reports showed that increased numbers of CD4+ or CD8+ T cells correlated to poor survival in PCa
patients [74–76]. Interestingly, a significant population of these infiltrating T cells are
CD4+CD25+FoxP3+ regulatory T cells [77,78]. In addition, these regulatory T cells are elevated in the
circulation of PCa patients [79,80], and their presence, while being indicative of poor survival, also
predicts adverse responses to immunotherapies including anti-CTLA4 blockade and vaccines [81]. A
potential explanation for this is that regulatory T cell homeostasis, essential for immune tolerance,
can be disrupted by these therapies, thereby leading to autoimmune events [81]. In sum, infiltration
of T cells in PCa in general appears to be predictive of a worse prognosis, likely because a majority
of these T cells may have regulatory activity.
B cells have been reported to mediate cancer progression in murine models and regulate therapy
responses via their influence on macrophages [82]. B cells are highly enriched in PCa tissue, and their
presence positively correlates with higher grade and enhanced risk of recurrence [83], although
previous histological analyses suggest that B cell infiltration in lymph nodes may be more indicative
as compared with intra-tumoral B cells [84]. In a recent seminal study using PCa mouse models, it
was demonstrated that B cells that were recruited by the chemokine CXCL13 into prostate tumors
exacerbated castration resistance by producing lymphotoxin, which in turn activates IkB kinase alpha
(IKKα)-BM1 mediated prostate regeneration by prostate progenitor cells. [85]. In addition, recent
studies using murine models have revealed that B cells that are immunosuppressive in nature could
drive resistance to chemotherapy via the production of the immunosuppressive cytokines
interleukin-10 and programmed death-ligand (PD-L1) [86]. Therefore, there is emerging evidence in
murine models to suggest that B cells may contribute to tumor progression as well as therapy
resistance; however, further studies in mouse models and patients are necessary to delineate which
B cell subsets are playing roles in progression.
1.4. Dormancy at the Secondary Site (Staying Underground and Waiting for the Opportune Moment to
Strike)
Although the concept of tumor dormancy was posited nearly a century ago [87], seminal findings
within the last 25 years have resulted in an increasing recognition of the potential to utilize this clinical
phenomenon as a means to target tumor cells during dormancy [88–90]. Technological advances made
it possible to detect disseminated tumor cells (DTCs) [88], and the presence of these DTCs in patients
with no detectable metastatic disease [88–90] suggested that tumor cells spread far earlier than was
previously thought, as was corroborated by animal models [91,92]. The fact that DTCs could be used as
a tool for prognostic significance [89,90,93–99] indicated that these DTCs could be the potential origin
for future metastatic outgrowths. In addition, the subsequent detection of DTCs in cancer patients
sometimes even decades following successful therapy of their primary tumor [100–102] suggested that
a fraction of DTCs escape treatment and subsist in spite of no clinical evidence of disease. The finding
that DTCs can reside at the level of single cells [103,104], and that akin to stem cells, their behavior is
controlled by the microenvironment [105], has given rise to the possibility that we can therapeutically
target dormant DTCs by altering their niche. In a combat, strategic waiting can be used to maximize the
exploitation of weaknesses, or to permit the passage of time to facilitate a lapse by opposing forces. The
strategy of DTCs, which entails a prolonged period of dormancy aimed at escaping therapeutic
intervention, followed by initiation of metastatic outgrowth, is analogous to waiting in ambush for an
opportune time to strike in combat (Figures 1 and 2).
Evidence suggests that similar to HSCs, colonizing tumor cells locate to specialized
microenvironments or niches that support cell survival and sustain long-term dormancy [106]. Although
the molecular mechanisms that mediate dormancy are poorly defined, it is thought that the pathways that
regulate dormancy may be discrete from those that mediate colonization. For example, PCa cells express
annexin II receptor which, by binding to annexin II on bone cells, regulates tumor growth [19,106,107].
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This interaction in PCa regulates the expression of growth arrest specific 6 (GAS6) receptors—receptor
tyrosine kinases AXL, TYRO3 (also called SKY), and MER (also known as MERTK) [107] (Figure 2). It is
thought that the expression level of GAS6 and those of the receptors, AXL in particular, may be a key
mediator in controlling dormancy, and that high AXL levels is associated with dormancy in human PCa
xenograft models [107–109]. Intriguingly, hypoxia is known to stabilize AXL [110], and the metaphyseal
region of the long bone, a site which is more susceptible to the colonization of cancer, is normoxic, while
the diaphyseal region of the bone is more hypoxic [111] and less vulnerable to developing metastasis.
Furthermore, endosteal regions are less hypoxic when compared with perivascular regions that are
deeper [112]—another facet of bone biology that may be linked to maintaining cells in a dormant
condition. The niche is thought to be key in keeping the tumor cells in the state of long term-dormancy in
the bone, and this may be a process that involves multiple steps. In the first step, the tumor cells engage
with the niche using a variety of receptors and adhesion molecules to bind to the cells of the niche. The
second step involves the niche regulating the behavior and phenotype of the colonizing tumor cells in an
effort to stabilize and keep them in a dormant state. This is brought about by the induction of a new gene
expression in the tumor cells by the cells of the niche. The final and crucial step of releasing the tumor cells
from the niche in order to form an overt metastatic lesion likely involves complex regulatory mechanisms
that are largely unknown (Figure 2).
It is thought that dormant cancer cells are reactivated due to bone resorption that is brought about
by osteoclasts. Interestingly, the vicious cycle model was proposed to explain how the cancer cells are
able to grow and form lesions in the bone, and that: a) growth factors within the bone such as bone
morphogenic proteins (BMPs) and TGF-β that are released due to osteoclast activity; and b) factors
secreted by tumor cells that have colonized the bone, such as parathyroid hormone related protein
(PTHrP), that in turn stimulates bone resorption by upregulating receptor activator of nuclear factor
kappa-β (RANKL)—viciously feed each other to support tumor growth in the bone microenvironment
[113,114]. However, the vicious cycle model does not take into account how reactivation of dormant
cells due to bone resorptive activity contributes to the tumor growth, or the initial events that establish
the interdependence between the tumor cells and osteoclast activity. A current version of the vicious
cycle model (Figure 2)—which is supported by increasing evidence—takes into account the temporal
development of the tumor and proposes that osteoclasts start the process by their resorptive activity
and thereby remodel the bone microenvironment to release the dormant tumor cells. This is now
followed by a vicious cycle between the bone microenvironment and the tumor cells leading to the
establishment of the metastatic lesion. Studies that support the refined vicious cycle model
demonstrated that mice treated with G-CSF or soluble RANKL (sRANKL) activated bone resorption
and resulted in the mobilization of HSCs from the bone niche [115]. Intriguingly, PCa cells home to the
endosteal niche by competing with the HSCs treatment with G-CSF mobilizes these cells from the bone
niche [19]. Further, CXCL12 interaction with its receptor CXCR4, which is key for the homing of the
tumor cells to the bone niche, can be disrupted through cleavage of CXCL12 by cathepsin K—the major
osteoclast-produced resorptive proteinase [115]. These reports reinforce the idea that dormant cancer
cells can be released from the bone niche by osteoclast resorptive activity, which in turn leads to the
establishment of overt metastatic lesions.
The currently used therapeutic approaches to treat PCa may have clinical implications in the context
of dormancy and reactivation of cancer cells. For example, it is thought that ADT—the predominant
clinical therapeutic option used in PCa patients—is linked to bone loss that is mediated by osteoclasts
[116]. This bone loss can be inhibited by the administration of bisphosphonates [117–120] or the antiRANKL antibody Denosumab [121,122]. It is posited that ADT may also have unintended and additional
consequences that include dormant tumor cell reactivation through the stimulation of resorptive activity
by osteoclasts [123]. Additionally, the observation that dormancy can be controlled by bone cells leads to
novel therapeutic avenues to treat PCa. For example, inhibiting bone resorption using Denosumab in
castrate-resistant PCa patients led to increased bone-metastasis-free survival and an associated delay in
the time to first bone metastasis [124]. Furthermore, and of note, recent clinical studies have suggested
that treatment with the bisphosphonate, zoledronic acid, initiated at the time of ADT therapy
administration, delayed the time of prostate-specific antigen failure [125,126], which was not observed if
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zoledronic acid treatment was delayed [127]—underscoring the notion that early intervention against
bone loss is inhibitory to osteoclast mediated reactivation of dormant PCa cells.

Figure 2. The refined vicious cycle model of prostate cancer bone metastasis that takes into account
dormancy and reactivation of prostate cancer cells: release of prostate cancer (PCa) cells from the
dormant state is primarily mediated by increased bone resorption, and leads to their reactivation and
proliferation, thereby driving metastatic outgrowth in the bone microenvironment. The induction of
dormancy in PCa cells is orchestrated by the interaction of receptors expressed on PCa cells [AXL
family receptor tyrosine kinases (AXL, TYRO3 and MER), and Annexin II receptor] with the cognate
ligands expressed on osteoblasts that include Annexin II and GAS6. The vicious cycle of PCa bone
metastasis is mediated by the production of factors by PCa cells that increase bone resorption through
enhanced interaction between RANKL expressing osteoblasts and RANK expressing osteoclasts.
Release of growth factors such as BMPs and TGF-β from the bone milieu—that is brought about by
bone resorption—further fuels the vicious cycle of bone destruction and growth of the metastatic
lesions. CXCR4: chemokine (C-X-C motif) receptor type 4, CXCL12: (C-X-C motif) chemokine ligand
12, AXL: AXL receptor tyrosine kinase, TYRO3: TYRO3 protein tyrosine kinase, MER: mer receptor
tyrosine kinase, GAS6: growth arrest specific 6.

1.5. Reprogramming (Hacking the Information Systems)
Many cancers, including PCa, have evolved mechanisms to activate diverse pathways,
especially under the selective pressure of targeted therapies. Wide-scale reprogramming is often
utilized as a means to circumvent the odds and achieve the goal of tumor progression and metastasis.
This reprogramming could be compared to hacking the information systems or re-wiring the
information systems to inflict maximum damage (Figure 1). The numerous ways in which cancer
cells re-wire host systems include metabolic, stromal, and epigenetic reprogramming. Widespread
epigenetic reprogramming in PCa progression, particularly in the context of androgen receptor (AR)
signaling, is especially relevant to understand in this context.
Recent studies on chromatin structure and histone post-translational modifications have
increasingly appreciated the altered chromatin-binding patterns of AR or other transcription factors as
the oncogenic driving forces in PCa progression [128–132]. Supporting this notion, the AR binding sites
have been reported to be significantly reprogrammed during PCa progression [130]. A growing
consensus points toward epigenetic alterations, including chromatin structure and density changes, as
an oncogenic means to alter the cistromes of transcription factors (TFs). Remarkably, the genome-wide
set of androgen receptor binding sites (ARBS) was found to be significantly and consistently
reprogrammed in PCa in comparison to adjacent normal tissue [133], and ChIP-seq in clinical samples
revealed that AR binding to chromatin was enhanced in castrate resistant PCa (CRPC) tissue compared
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with primary PCa [130]. Further, studies have reported that metastatic CRPC specimens are linked with
a higher number of genomic sites showing open chromatin conformation as compared with primary
untreated PCa or locally recurrent PCa specimens [132,134]. This suggests extensive chromatin
reprogramming during the progression to castrate resistant disease, and inter-patient sample analysis
has revealed that the core set of open chromatin regions in the genome, while similar in benign prostatic
hyperplasia (BPH) and primary PCa, were varied in CRPC samples [132]. It has been established that
Forkhead Box A1 (FOXA1) paves the path to the opening of compact chromatin to facilitate binding of
other TFs including AR [135–138]. Of note, FOXA1 expression has been reported to be associated with
tumor progression and poor prognosis in PCa, and interestingly, FOXA1 physically interacts with AR
[139,140]. Along similar lines, a recent elegant study points to FOXA1 mediated reprogramming of
enhancer regions in metastatic pancreatic cancer, further corroborating the role of transcriptome
alteration in metastatic progression [141]. In all, these findings suggest that chromatin relaxation is a
key feature of PCa, and that open chromatin configurations are associated with increased
transcriptional activity—resulting in reprogramming of the global transcriptional output of cancer cells
to drive CRPC progression and metastasis.
In contrast to conventional CRPC adenocarcinomas, the chromatin structure of treatment-induced
neuroendocrine CRPCs (t-NEPC)—an emerging therapy-resistant CRPC subtype associated with AR
positive or negative states, and a different transcriptomic as well as mutational landscape – has not been
extensively studied [142–144]. However, t-NEPC is known to harbor distinct molecular changes, and it
would be interesting to elucidate if the chromatin remodeling observed in CRPC is maintained or
further increased in t-NEPC. Compared to CRPCs, t-NEPCs are reported to harbor RB1 and p53 loss
more frequently [145]. Of note, RB1 loss has been associated with cistrome reprogramming of TFs in
CRPC [146]. The concomitant loss of p53 and RB1 has been reported to orchestrate the upregulation of
chromatin modifying factors such as polycomb repressive complex 2 (PRC2) catalytic subunit enhancer
of zeste homolog 2 (EZH2), and SRY (sex determining region Y)—box 2 (SOX2). These facilitators of
epigenetic reprogramming are linked to the emergence of t-NEPC. In addition, t-NEPC is associated
with N-MYC overexpression. Using in vitro and in vivo models, N-MYC overexpression has been
shown to mimic features of NEPC including suppression of AR signaling. The authors suggest that NMYC may be impacting AR signaling by binding to the enhancer regions of AR in the absence of ligand
activated AR [147]. Further, the inhibition of AR signaling by N-MYC seems to be dependent on NMYC-EZH2 complex which promotes EZH2 activity. Further, both EZH2 and N-MYC are reported to
be over-expressed in a majority of NEPC samples [145]. Of note, a study reported that several histonemodifying enzymes, characteristically associated with chromatin remodeling, such as CBX2, EZH2, and
polycomb group of proteins with DNA methyltransferase activity (DNMT) were over-expressed in tNEPC when compared with CRPC adenocarcinomas [148]. Taken together, these studies indicate that
the transcriptomes of t-NEPC could intrinsically differ from CRPCs, and these studies point to the
reconfiguration of the TF complexes to promote CRPC progression as well as the emergence of the tNEPC phenotype.
2. Conclusions and Future Perspectives
The overwhelming barriers to metastatic colonization of prostate and other cancers are navigated by
an increasingly well-understood framework of strategies that share significant and uncanny parallels with
military tactics, wherein efficient and deliberate maneuvering, allocation of resources, and timing can be
decisive. These strategies generally employ the primary and secondary tumor microenvironments and
involve immune cells, fibroblasts, and bone cells as key accomplices, with reciprocal interaction and
transcriptional reprogramming playing a key role in each step of cancer progression and metastasis.
Intriguingly and as increasingly appreciated, the recurring theme in these strategies involves the
utilization of the tumor microenvironment in various stages of the metastatic journey. This includes the
ability of the cancer cells to camouflage against the host immune surveillance, the ability to undergo
prolonged periods of hibernation or dormancy, and the extremely potent and far-reaching effects of
reprogramming the genetic and epigenetic machinery of cancer cells. An evolving understanding of these
strategies reiterates the inherent nature of the metastatic process as far from being random or stochastic,
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and as one that is largely dictated by connivance and deliberate out-maneuvering of the host systems —
a theme whose very foundations were laid by Paget’s “seed and soil” hypothesis. The recent years have
seen seminal progress in delineating the signaling, molecular, and cellular mechanisms that underpin
these strategies used by metastatic cells. The stratification of metastatic progression into a discrete set of
strategies, likened to tactics in a military combat setting, will help us in shaping our evolving perspective
of the broad principles used by a cancer cell to achieve metastasis with the goal of developing metastasisspecific therapeutic modalities.
Author Contributions: conceptualization, S.N.; preparation of the original draft, re-writing and editing, S.N.,
D.T.; supervision, S.N.; funding acquisition, S.N.
Funding: This work was supported by the Department of Defense Prostate Cancer Research Program (DoDPCRP) grant W81XWH-16-1-0174 to S.N.
Acknowledgments: The authors would like to thank Robert J. Matusik (Vanderbilt University Medical Center)
for his insightful feedback on the article.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.

5.
6.
7.

8.

9.

10.
11.

12.

13.

Steeg, P.S. Targeting metastasis. Nat Rev Cancer 2016, 16, 201-218, doi:10.1038/nrc.2016.25.
Celià-Terrassa, T.; Kang, Y. Distinctive properties of metastasis-initiating cells. Genes & development 2016,
30, 892-908, doi:10.1101/gad.277681.116.
Luzzi, K.J.; MacDonald, I.C.; Schmidt, E.E.; Kerkvliet, N.; Morris, V.L.; Chambers, A.F.; Groom, A.C.
Multistep nature of metastatic inefficiency: dormancy of solitary cells after successful extravasation and
limited survival of early micrometastases. Am J Pathol 1998, 153, 865-873, doi:10.1016/s0002-9440(10)656283.
Cameron, M.D.; Schmidt, E.E.; Kerkvliet, N.; Nadkarni, K.V.; Morris, V.L.; Groom, A.C.; Chambers, A.F.;
MacDonald, I.C. Temporal progression of metastasis in lung: cell survival, dormancy, and location
dependence of metastatic inefficiency. Cancer Res 2000, 60, 2541-2546.
Chambers, A.F.; Groom, A.C.; MacDonald, I.C. Dissemination and growth of cancer cells in metastatic sites.
Nat Rev Cancer 2002, 2, 563-572, doi:10.1038/nrc865.
Paget, S. The distribution of secondary growths in cancer of the breast. 1889. Cancer Metastasis Rev 1989, 8,
98-101.
Chinni, S.R.; Yamamoto, H.; Dong, Z.; Sabbota, A.; Bonfil, R.D.; Cher, M.L. CXCL12/CXCR4 transactivates
HER2 in lipid rafts of prostate cancer cells and promotes growth of metastatic deposits in bone. Mol Cancer
Res 2008, 6, 446-457, doi:10.1158/1541-7786.MCR-07-0117.
Sun, Y.X.; Schneider, A.; Jung, Y.; Wang, J.; Dai, J.; Wang, J.; Cook, K.; Osman, N.I.; Koh-Paige, A.J.; Shim,
H., et al. Skeletal localization and neutralization of the SDF-1(CXCL12)/CXCR4 axis blocks prostate cancer
metastasis and growth in osseous sites in vivo. J Bone Miner Res 2005, 20, 318-329, doi:10.1359/JBMR.041109.
Sun, Y.X.; Wang, J.; Shelburne, C.E.; Lopatin, D.E.; Chinnaiyan, A.M.; Rubin, M.A.; Pienta, K.J.; Taichman,
R.S. Expression of CXCR4 and CXCL12 (SDF-1) in human prostate cancers (PCa) in vivo. J Cell Biochem
2003, 89, 462-473, doi:10.1002/jcb.10522.
Taichman, R.S.; Cooper, C.; Keller, E.T.; Pienta, K.J.; Taichman, N.S.; McCauley, L.K. Use of the stromal
cell-derived factor-1/CXCR4 pathway in prostate cancer metastasis to bone. Cancer Res 2002, 62, 1832-1837.
Akashi, T.; Koizumi, K.; Tsuneyama, K.; Saiki, I.; Takano, Y.; Fuse, H. Chemokine receptor CXCR4
expression and prognosis in patients with metastatic prostate cancer. Cancer Sci 2008, 99, 539-542,
doi:10.1111/j.1349-7006.2007.00712.x.
Singh, A.P.; Arora, S.; Bhardwaj, A.; Srivastava, S.K.; Kadakia, M.P.; Wang, B.; Grizzle, W.E.; Owen, L.B.;
Singh, S. CXCL12/CXCR4 protein signaling axis induces sonic hedgehog expression in pancreatic cancer
cells via extracellular regulated kinase- and Akt kinase-mediated activation of nuclear factor kappaB:
implications for bidirectional tumor-stromal interactions. J Biol Chem 2012, 287, 39115-39124,
doi:10.1074/jbc.M112.409581.
Kukreja, P.; Abdel-Mageed, A.B.; Mondal, D.; Liu, K.; Agrawal, K.C. Up-regulation of CXCR4 expression
in PC-3 cells by stromal-derived factor-1alpha (CXCL12) increases endothelial adhesion and
transendothelial migration: role of MEK/ERK signaling pathway-dependent NF-kappaB activation. Cancer
Res 2005, 65, 9891-9898, doi:10.1158/0008-5472.CAN-05-1293.

Cancers 2019, 11, 1928

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

11 of 18

Engl, T.; Relja, B.; Marian, D.; Blumenberg, C.; Muller, I.; Beecken, W.D.; Jones, J.; Ringel, E.M.; BereiterHahn, J.; Jonas, D., et al. CXCR4 chemokine receptor mediates prostate tumor cell adhesion through alpha5
and beta3 integrins. Neoplasia 2006, 8, 290-301, doi:10.1593/neo.05694.
Darash-Yahana, M.; Pikarsky, E.; Abramovitch, R.; Zeira, E.; Pal, B.; Karplus, R.; Beider, K.; Avniel, S.;
Kasem, S.; Galun, E., et al. Role of high expression levels of CXCR4 in tumor growth, vascularization, and
metastasis. FASEB J 2004, 18, 1240-1242, doi:10.1096/fj.03-0935fje.
Cashman, J.; Clark-Lewis, I.; Eaves, A.; Eaves, C. Stromal-derived factor 1 inhibits the cycling of very
primitive human hematopoietic cells in vitro and in NOD/SCID mice. Blood 2002, 99, 792-799,
doi:10.1182/blood.v99.3.792.
Peled, A.; Petit, I.; Kollet, O.; Magid, M.; Ponomaryov, T.; Byk, T.; Nagler, A.; Ben-Hur, H.; Many, A.; Shultz,
L., et al. Dependence of human stem cell engraftment and repopulation of NOD/SCID mice on CXCR4.
Science 1999, 283, 845-848.
Liles, W.C.; Broxmeyer, H.E.; Rodger, E.; Wood, B.; Hubel, K.; Cooper, S.; Hangoc, G.; Bridger, G.J.; Henson,
G.W.; Calandra, G., et al. Mobilization of hematopoietic progenitor cells in healthy volunteers by
AMD3100, a CXCR4 antagonist. Blood 2003, 102, 2728-2730, doi:10.1182/blood-2003-02-0663.
Shiozawa, Y.; Pedersen, E.A.; Havens, A.M.; Jung, Y.; Mishra, A.; Joseph, J.; Kim, J.K.; Patel, L.R.; Ying, C.;
Ziegler, A.M., et al. Human prostate cancer metastases target the hematopoietic stem cell niche to establish
footholds in mouse bone marrow. J Clin Invest 2011, 121, 1298-1312, doi:10.1172/JCI43414.
Kaplan, R.N.; Riba, R.D.; Zacharoulis, S.; Bramley, A.H.; Vincent, L.; Costa, C.; MacDonald, D.D.; Jin, D.K.;
Shido, K.; Kerns, S.A., et al. VEGFR1-positive haematopoietic bone marrow progenitors initiate the premetastatic niche. Nature 2005, 438, 820-827, doi:10.1038/nature04186.
Burke, J.; Kolhe, R.; Hunter, M.; Isales, C.; Hamrick, M.; Fulzele, S. Stem Cell-Derived Exosomes: A Potential
Alternative Therapeutic Agent in Orthopaedics. Stem Cells Int 2016, 2016, 5802529,
doi:10.1155/2016/5802529.
Vishnubhatla, I.; Corteling, R.; Stevanato, L.; Hicks, C.; Sinden, J. The Development of Stem Cell-Derived
Exosomes as a Cell-Free Regenerative Medicine. Journal of Circulating Biomarkers 2014, 3, 2,
doi:10.5772/58597.
Shiao, S.L.; Chu, G.C.; Chung, L.W. Regulation of prostate cancer progression by the tumor
microenvironment. Cancer letters 2016, 380, 340-348, doi:10.1016/j.canlet.2015.12.022.
Théry, C.; Boussac, M.; Véron, P.; Ricciardi-Castagnoli, P.; Raposo, G.; Garin, J.; Amigorena, S. Proteomic
Analysis of Dendritic Cell-Derived Exosomes: A Secreted Subcellular Compartment Distinct from
Apoptotic Vesicles. The Journal of Immunology 2001, 166, 7309-7318, doi:10.4049/jimmunol.166.12.7309.
Janowska-Wieczorek, A.; Majka, M.; Kijowski, J.; Baj-Krzyworzeka, M.; Reca, R.; Turner, A.R.; Ratajczak,
J.; Emerson, S.G.; Kowalska, M.A.; Ratajczak, M.Z. Platelet-derived microparticles bind to hematopoietic
stem/progenitor
cells
and
enhance
their
engraftment.
Blood
2001,
98,
3143-3149,
doi:10.1182/blood.v98.10.3143.
Baj-Krzyworzeka, M.; Szatanek, R.; Weglarczyk, K.; Baran, J.; Urbanowicz, B.; Branski, P.; Ratajczak, M.Z.;
Zembala, M. Tumour-derived microvesicles carry several surface determinants and mRNA of tumour cells
and transfer some of these determinants to monocytes. Cancer Immunol Immunother 2006, 55, 808-818,
doi:10.1007/s00262-005-0075-9.
Ratajczak, J.; Miekus, K.; Kucia, M.; Zhang, J.; Reca, R.; Dvorak, P.; Ratajczak, M.Z. Embryonic stem cellderived microvesicles reprogram hematopoietic progenitors: evidence for horizontal transfer of mRNA
and protein delivery. Leukemia 2006, 20, 847-856, doi:10.1038/sj.leu.2404132.
Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nature Cell Biology 2007,
9, 654, doi:10.1038/ncb1596.
Kim, H.-S.; Choi, D.-Y.; Yun, S.J.; Choi, S.-M.; Kang, J.W.; Jung, J.W.; Hwang, D.; Kim, K.P.; Kim, D.-W.
Proteomic Analysis of Microvesicles Derived from Human Mesenchymal Stem Cells. Journal of Proteome
Research 2012, 11, 839-849, doi:10.1021/pr200682z.
Patel, G.K.; Khan, M.A.; Bhardwaj, A.; Srivastava, S.K.; Zubair, H.; Patton, M.C.; Singh, S.; Khushman, M.;
Singh, A.P. Exosomes confer chemoresistance to pancreatic cancer cells by promoting ROS detoxification
and miR-155-mediated suppression of key gemcitabine-metabolising enzyme, DCK. Br J Cancer 2017, 116,
609-619, doi:10.1038/bjc.2017.18.
Josson, S.; Gururajan, M.; Sung, S.Y.; Hu, P.; Shao, C.; Zhau, H.E.; Liu, C.; Lichterman, J.; Duan, P.; Li, Q.,
et al. Stromal fibroblast-derived miR-409 promotes epithelial-to-mesenchymal transition and prostate
tumorigenesis. Oncogene 2014, 34, 2690, doi:10.1038/onc.2014.212.

Cancers 2019, 11, 1928

32.

33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.
48.
49.

50.
51.

52.

12 of 18

Chowdhury, R.; Webber, J.P.; Gurney, M.; Mason, M.D.; Tabi, Z.; Clayton, A. Cancer exosomes trigger
mesenchymal stem cell differentiation into pro-angiogenic and pro-invasive myofibroblasts. Oncotarget
2015, 6, 715-731, doi:10.18632/oncotarget.2711.
Vlaeminck-Guillem, V. When Prostate Cancer Circulates in the Bloodstream. Diagnostics 2015, 5, 428-474.
Vlaeminck-Guillem, V. Extracellular Vesicles in Prostate Cancer Carcinogenesis, Diagnosis, and
Management. Frontiers in oncology 2018, 8, 222-222, doi:10.3389/fonc.2018.00222.
Bryant, R.J.; Pawlowski, T.; Catto, J.W.F.; Marsden, G.; Vessella, R.L.; Rhees, B.; Kuslich, C.; Visakorpi, T.;
Hamdy, F.C. Changes in circulating microRNA levels associated with prostate cancer. British Journal Of
Cancer 2012, 106, 768, doi:10.1038/bjc.2011.595.
Li, Z.; Ma, Y.-Y.; Wang, J.; Zeng, X.-F.; Li, R.; Kang, W.; Hao, X.-K. Exosomal microRNA-141 is upregulated
in the serum of prostate cancer patients. OncoTargets and therapy 2015, 9, 139-148, doi:10.2147/OTT.S95565.
Brase, J.C.; Johannes, M.; Schlomm, T.; Falth, M.; Haese, A.; Steuber, T.; Beissbarth, T.; Kuner, R.; Sultmann,
H. Circulating miRNAs are correlated with tumor progression in prostate cancer. International journal of
cancer 2011, 128, 608-616, doi:10.1002/ijc.25376.
Samsonov, R.; Shtam, T.; Burdakov, V.; Glotov, A.; Tsyrlina, E.; Berstein, L.; Nosov, A.; Evtushenko, V.;
Filatov, M.; Malek, A. Lectin-induced agglutination method of urinary exosomes isolation followed by miRNA analysis: Application for prostate cancer diagnostic. Prostate 2016, 76, 68-79, doi:10.1002/pros.23101.
Foj, L.; Ferrer, F.; Serra, M.; Arevalo, A.; Gavagnach, M.; Gimenez, N.; Filella, X. Exosomal and NonExosomal Urinary miRNAs in Prostate Cancer Detection and Prognosis. Prostate 2017, 77, 573-583,
doi:10.1002/pros.23295.
Huang, X.; Yuan, T.; Liang, M.; Du, M.; Xia, S.; Dittmar, R.; Wang, D.; See, W.; Costello, B.A.; Quevedo, F.,
et al. Exosomal miR-1290 and miR-375 as prognostic markers in castration-resistant prostate cancer. Eur
Urol 2015, 67, 33-41, doi:10.1016/j.eururo.2014.07.035.
Corcoran, C.; Rani, S.; O'Driscoll, L. miR-34a is an intracellular and exosomal predictive biomarker for
response to docetaxel with clinical relevance to prostate cancer progression. Prostate 2014, 74, 1320-1334,
doi:10.1002/pros.22848.
Yu, Q.; Li, P.; Weng, M.; Wu, S.; Zhang, Y.; Chen, X.; Zhang, Q.; Shen, G.; Ding, X.; Fu, S. Nano-Vesicles are
a Potential Tool to Monitor Therapeutic Efficacy of Carbon Ion Radiotherapy in Prostate Cancer. J Biomed
Nanotechnol 2018, 14, 168-178, doi:10.1166/jbn.2018.2503.
Itoh, T.; Ito, Y.; Ohtsuki, Y.; Ando, M.; Tsukamasa, Y.; Yamada, N.; Naoe, T.; Akao, Y. Microvesicles released
from hormone-refractory prostate cancer cells facilitate mouse pre-osteoblast differentiation. J Mol Histol
2012, 43, 509-515, doi:10.1007/s10735-012-9415-1.
Karlsson, T.; Lundholm, M.; Widmark, A.; Persson, E. Tumor Cell-Derived Exosomes from the Prostate
Cancer Cell Line TRAMP-C1 Impair Osteoclast Formation and Differentiation. PLoS One 2016, 11, e0166284,
doi:10.1371/journal.pone.0166284.
Gonzalez, A.; Garcia de Durango, C.; Alonso, V.; Bravo, B.; Rodriguez de Gortazar, A.; Wells, A.; Forteza,
J.; Vidal-Vanaclocha, F. Distinct Osteomimetic Response of Androgen-Dependent and Independent
Human Prostate Cancer Cells to Mechanical Action of Fluid Flow: Prometastatic Implications. Prostate 2017,
77, 321-333, doi:10.1002/pros.23270.
Jadaan, D.Y.; Jadaan, M.M.; McCabe, J.P. Cellular Plasticity in Prostate Cancer Bone Metastasis. Prostate
Cancer 2015, 2015, 651580, doi:10.1155/2015/651580.
Rucci, N.; Teti, A. Osteomimicry: How the Seed Grows in the Soil. Calcif Tissue Int 2018, 102, 131-140,
doi:10.1007/s00223-017-0365-1.
Shupp, A.B.; Kolb, A.D.; Mukhopadhyay, D.; Bussard, K.M. Cancer Metastases to Bone: Concepts,
Mechanisms, and Interactions with Bone Osteoblasts. Cancers 2018, 10, 182.
Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka,
S.; Di Giannatale, A.; Ceder, S., et al. Tumour exosome integrins determine organotropic metastasis. Nature
2015, 527, 329-335, doi:10.1038/nature15756.
Fedele, C.; Singh, A.; Zerlanko, B.J.; Iozzo, R.V.; Languino, L.R. The alphavbeta6 integrin is transferred
intercellularly via exosomes. J Biol Chem 2015, 290, 4545-4551, doi:10.1074/jbc.C114.617662.
Shimura, S.; Yang, G.; Ebara, S.; Wheeler, T.M.; Frolov, A.; Thompson, T.C. Reduced infiltration of tumorassociated macrophages in human prostate cancer: association with cancer progression. Cancer Res 2000,
60, 5857-5861.
Nonomura, N.; Takayama, H.; Nakayama, M.; Nakai, Y.; Kawashima, A.; Mukai, M.; Nagahara, A.; Aozasa,
K.; Tsujimura, A. Infiltration of tumour-associated macrophages in prostate biopsy specimens is predictive
of disease progression after hormonal therapy for prostate cancer. BJU Int 2011, 107, 1918-1922,
doi:10.1111/j.1464-410X.2010.09804.x.

Cancers 2019, 11, 1928

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.
71.

13 of 18

Lanciotti, M.; Masieri, L.; Raspollini, M.R.; Minervini, A.; Mari, A.; Comito, G.; Giannoni, E.; Carini, M.;
Chiarugi, P.; Serni, S. The role of M1 and M2 macrophages in prostate cancer in relation to extracapsular
tumor extension and biochemical recurrence after radical prostatectomy. Biomed Res Int 2014, 2014, 486798,
doi:10.1155/2014/486798.
Fujii, T.; Shimada, K.; Asai, O.; Tanaka, N.; Fujimoto, K.; Hirao, K.; Konishi, N. Immunohistochemical
analysis of inflammatory cells in benign and precancerous lesions and carcinoma of the prostate.
Pathobiology 2013, 80, 119-126, doi:10.1159/000342396.
Comito, G.; Giannoni, E.; Segura, C.P.; Barcellos-de-Souza, P.; Raspollini, M.R.; Baroni, G.; Lanciotti, M.;
Serni, S.; Chiarugi, P. Cancer-associated fibroblasts and M2-polarized macrophages synergize during
prostate carcinoma progression. Oncogene 2014, 33, 2423-2431, doi:10.1038/onc.2013.191.
Xu, J.; Escamilla, J.; Mok, S.; David, J.; Priceman, S.; West, B.; Bollag, G.; McBride, W.; Wu, L. CSF1R
signaling blockade stanches tumor-infiltrating myeloid cells and improves the efficacy of radiotherapy in
prostate cancer. Cancer Res 2013, 73, 2782-2794, doi:10.1158/0008-5472.CAN-12-3981.
Escamilla, J.; Schokrpur, S.; Liu, C.; Priceman, S.J.; Moughon, D.; Jiang, Z.; Pouliot, F.; Magyar, C.; Sung,
J.L.; Xu, J., et al. CSF1 receptor targeting in prostate cancer reverses macrophage-mediated resistance to
androgen blockade therapy. Cancer Res 2015, 75, 950-962, doi:10.1158/0008-5472.CAN-14-0992.
Lo, C.H.; Lynch, C.C. Multifaceted Roles for Macrophages in Prostate Cancer Skeletal Metastasis. Frontiers
in Endocrinology 2018, 9, doi:10.3389/fendo.2018.00247.
Mahon, K.L.; Lin, H.M.; Castillo, L.; Lee, B.Y.; Lee-Ng, M.; Chatfield, M.D.; Chiam, K.; Breit, S.N.; Brown,
D.A.; Molloy, M.P., et al. Cytokine profiling of docetaxel-resistant castration-resistant prostate cancer. Br J
Cancer 2015, 112, 1340-1348, doi:10.1038/bjc.2015.74.
Liu, G.; Lu, S.; Wang, X.; Page, S.T.; Higano, C.S.; Plymate, S.R.; Greenberg, N.M.; Sun, S.; Li, Z.; Wu, J.D.
Perturbation of NK cell peripheral homeostasis accelerates prostate carcinoma metastasis. J Clin Invest 2013,
123, 4410-4422, doi:10.1172/JCI69369.
Gannon, P.O.; Poisson, A.O.; Delvoye, N.; Lapointe, R.; Mes-Masson, A.M.; Saad, F. Characterization of the
intra-prostatic immune cell infiltration in androgen-deprived prostate cancer patients. J Immunol Methods
2009, 348, 9-17, doi:10.1016/j.jim.2009.06.004.
Pasero, C.; Gravis, G.; Granjeaud, S.; Guerin, M.; Thomassin-Piana, J.; Rocchi, P.; Salem, N.; Walz, J.;
Moretta, A.; Olive, D. Highly effective NK cells are associated with good prognosis in patients with
metastatic prostate cancer. Oncotarget 2015, 6, 14360-14373, doi:10.18632/oncotarget.3965.
Johansson, A.; Rudolfsson, S.; Hammarsten, P.; Halin, S.; Pietras, K.; Jones, J.; Stattin, P.; Egevad, L.;
Granfors, T.; Wikstrom, P., et al. Mast cells are novel independent prognostic markers in prostate cancer
and represent a target for therapy. Am J Pathol 2010, 177, 1031-1041, doi:10.2353/ajpath.2010.100070.
Fleischmann, A.; Schlomm, T.; Kollermann, J.; Sekulic, N.; Huland, H.; Mirlacher, M.; Sauter, G.; Simon, R.;
Erbersdobler, A. Immunological microenvironment in prostate cancer: high mast cell densities are
associated with favorable tumor characteristics and good prognosis. Prostate 2009, 69, 976-981,
doi:10.1002/pros.20948.
Pittoni, P.; Tripodo, C.; Piconese, S.; Mauri, G.; Parenza, M.; Rigoni, A.; Sangaletti, S.; Colombo, M.P. Mast
cell targeting hampers prostate adenocarcinoma development but promotes the occurrence of highly
malignant neuroendocrine cancers. Cancer Res 2011, 71, 5987-5997, doi:10.1158/0008-5472.CAN-11-1637.
Templeton, A.J.; Pezaro, C.; Omlin, A.; McNamara, M.G.; Leibowitz-Amit, R.; Vera-Badillo, F.E.; Attard,
G.; de Bono, J.S.; Tannock, I.F.; Amir, E. Simple prognostic score for metastatic castration-resistant prostate
cancer with incorporation of neutrophil-to-lymphocyte ratio. Cancer 2014, 120, 3346-3352,
doi:10.1002/cncr.28890.
Ong, C.W.; Pabisiak, P.J.; Brilha, S.; Singh, P.; Roncaroli, F.; Elkington, P.T.; Friedland, J.S. Complex
regulation of neutrophil-derived MMP-9 secretion in central nervous system tuberculosis. J
Neuroinflammation 2017, 14, 31, doi:10.1186/s12974-017-0801-1.
Fang, L.Y.; Izumi, K.; Lai, K.P.; Liang, L.; Li, L.; Miyamoto, H.; Lin, W.J.; Chang, C. Infiltrating macrophages
promote prostate tumorigenesis via modulating androgen receptor-mediated CCL4-STAT3 signaling.
Cancer Res 2013, 73, 5633-5646, doi:10.1158/0008-5472.CAN-12-3228.
Pittoni, P.; Colombo, M.P. The dark side of mast cell-targeted therapy in prostate cancer. Cancer Res 2012,
72, 831-835, doi:10.1158/0008-5472.CAN-11-3110.
Taverna, G.; Giusti, G.; Seveso, M.; Hurle, R.; Colombo, P.; Stifter, S.; Grizzi, F. Mast cells as a potential
prognostic marker in prostate cancer. Dis Markers 2013, 35, 711-720, doi:10.1155/2013/478303.
Okada, K.; Kojima, M.; Naya, Y.; Kamoi, K.; Yokoyama, K.; Takamatsu, T.; Miki, T. Correlation of
histological inflammation in needle biopsy specimens with serum prostate- specific antigen levels in men
with negative biopsy for prostate cancer. Urology 2000, 55, 892-898.

Cancers 2019, 11, 1928

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

14 of 18

Kwek, S.S.; Lewis, J.; Zhang, L.; Weinberg, V.; Greaney, S.K.; Harzstark, A.L.; Lin, A.M.; Ryan, C.J.; Small,
E.J.; Fong, L. Preexisting Levels of CD4 T Cells Expressing PD-1 Are Related to Overall Survival in Prostate
Cancer Patients Treated with Ipilimumab. Cancer Immunol Res 2015, 3, 1008-1016, doi:10.1158/23266066.CIR-14-0227.
Hanahan, D.; Coussens, L.M. Accessories to the crime: functions of cells recruited to the tumor
microenvironment. Cancer Cell 2012, 21, 309-322, doi:10.1016/j.ccr.2012.02.022.
McArdle, P.A.; Canna, K.; McMillan, D.C.; McNicol, A.M.; Campbell, R.; Underwood, M.A. The
relationship between T-lymphocyte subset infiltration and survival in patients with prostate cancer. Br J
Cancer 2004, 91, 541-543, doi:10.1038/sj.bjc.6601943.
Ness, N.; Andersen, S.; Valkov, A.; Nordby, Y.; Donnem, T.; Al-Saad, S.; Busund, L.T.; Bremnes, R.M.;
Richardsen, E. Infiltration of CD8+ lymphocytes is an independent prognostic factor of biochemical failurefree survival in prostate cancer. Prostate 2014, 74, 1452-1461, doi:10.1002/pros.22862.
Liu, Y.; Saeter, T.; Vlatkovic, L.; Servoll, E.; Waaler, G.; Axcrona, U.; Giercksky, K.E.; Nesland, J.M.; Suo,
Z.H.; Axcrona, K. Dendritic and lymphocytic cell infiltration in prostate carcinoma. Histol Histopathol 2013,
28, 1621-1628, doi:10.14670/HH-28.1621.
Davidsson, S.; Ohlson, A.L.; Andersson, S.O.; Fall, K.; Meisner, A.; Fiorentino, M.; Andren, O.; Rider, J.R.
CD4 helper T cells, CD8 cytotoxic T cells, and FOXP3(+) regulatory T cells with respect to lethal prostate
cancer. Mod Pathol 2013, 26, 448-455, doi:10.1038/modpathol.2012.164.
Ebelt, K.; Babaryka, G.; Frankenberger, B.; Stief, C.G.; Eisenmenger, W.; Kirchner, T.; Schendel, D.J.;
Noessner, E. Prostate cancer lesions are surrounded by FOXP3+, PD-1+ and B7-H1+ lymphocyte clusters.
Eur J Cancer 2009, 45, 1664-1672, doi:10.1016/j.ejca.2009.02.015.
Miller, A.M.; Lundberg, K.; Ozenci, V.; Banham, A.H.; Hellstrom, M.; Egevad, L.; Pisa, P. CD4+CD25high
T cells are enriched in the tumor and peripheral blood of prostate cancer patients. J Immunol 2006, 177, 73987405, doi:10.4049/jimmunol.177.10.7398.
Idorn, M.; Kollgaard, T.; Kongsted, P.; Sengelov, L.; Thor Straten, P. Correlation between frequencies of
blood monocytic myeloid-derived suppressor cells, regulatory T cells and negative prognostic markers in
patients with castration-resistant metastatic prostate cancer. Cancer Immunol Immunother 2014, 63, 11771187, doi:10.1007/s00262-014-1591-2.
Kumar, P.; Saini, S.; Prabhakar, B.S. Cancer immunotherapy with check point inhibitor can cause
autoimmune adverse events due to loss of Treg homeostasis. Semin Cancer Biol 2019,
10.1016/j.semcancer.2019.01.006.
Affara, N.I.; Ruffell, B.; Medler, T.R.; Gunderson, A.J.; Johansson, M.; Bornstein, S.; Bergsland, E.; Steinhoff,
M.; Li, Y.; Gong, Q., et al. B cells regulate macrophage phenotype and response to chemotherapy in
squamous carcinomas. Cancer Cell 2014, 25, 809-821, doi:10.1016/j.ccr.2014.04.026.
Woo, J.R.; Liss, M.A.; Muldong, M.T.; Palazzi, K.; Strasner, A.; Ammirante, M.; Varki, N.; Shabaik, A.;
Howell, S.; Kane, C.J., et al. Tumor infiltrating B-cells are increased in prostate cancer tissue. J Transl Med
2014, 12, 30, doi:10.1186/1479-5876-12-30.
Strasner, A.; Karin, M. Immune Infiltration and Prostate Cancer. Front Oncol 2015, 5, 128,
doi:10.3389/fonc.2015.00128.
Ammirante, M.; Kuraishy, A.I.; Shalapour, S.; Strasner, A.; Ramirez-Sanchez, C.; Zhang, W.; Shabaik, A.;
Karin, M. An IKKalpha-E2F1-BMI1 cascade activated by infiltrating B cells controls prostate regeneration
and tumor recurrence. Genes Dev 2013, 27, 1435-1440, doi:10.1101/gad.220202.113.
Shalapour, S.; Font-Burgada, J.; Di Caro, G.; Zhong, Z.; Sanchez-Lopez, E.; Dhar, D.; Willimsky, G.;
Ammirante, M.; Strasner, A.; Hansel, D.E., et al. Immunosuppressive plasma cells impede T-cell-dependent
immunogenic chemotherapy. Nature 2015, 521, 94-98, doi:10.1038/nature14395.
The spread of tumours in the human body. By Rupert A. Willis. M.D., B.S., D.Sc. (Melbourne), Pathologist
to the Alfred Hospital and to the Austin Hospital for Chronic Diseases, Melbourne. Demy 8vo. Pp. 540 + x,
with 103 illustrations. 1934 London: J. & A. Churchill. 25s. net. BJS 1934, 22, 196-196,
doi:10.1002/bjs.1800228544.
Schlimok, G.; Funke, I.; Holzmann, B.; Gottlinger, G.; Schmidt, G.; Hauser, H.; Swierkot, S.; Warnecke, H.H.;
Schneider, B.; Koprowski, H., et al. Micrometastatic cancer cells in bone marrow: in vitro detection with
anti-cytokeratin and in vivo labeling with anti-17-1A monoclonal antibodies. Proc Natl Acad Sci U S A 1987,
84, 8672-8676, doi:10.1073/pnas.84.23.8672.
Cote, R.J.; Rosen, P.P.; Hakes, T.B.; Sedira, M.; Bazinet, M.; Kinne, D.W.; Old, L.J.; Osborne, M.P.
Monoclonal antibodies detect occult breast carcinoma metastases in the bone marrow of patients with early
stage disease. Am J Surg Pathol 1988, 12, 333-340.

Cancers 2019, 11, 1928

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.
103.
104.

105.

106.

107.

108.

109.

15 of 18

Pantel, K.; Izbicki, J.; Passlick, B.; Angstwurm, M.; Haussinger, K.; Thetter, O.; Riethmuller, G. Frequency
and prognostic significance of isolated tumour cells in bone marrow of patients with non-small-cell lung
cancer without overt metastases. Lancet 1996, 347, 649-653, doi:10.1016/s0140-6736(96)91203-9.
Husemann, Y.; Geigl, J.B.; Schubert, F.; Musiani, P.; Meyer, M.; Burghart, E.; Forni, G.; Eils, R.; Fehm, T.;
Riethmuller, G., et al. Systemic spread is an early step in breast cancer. Cancer Cell 2008, 13, 58-68,
doi:10.1016/j.ccr.2007.12.003.
Rhim, A.D.; Mirek, E.T.; Aiello, N.M.; Maitra, A.; Bailey, J.M.; McAllister, F.; Reichert, M.; Beatty, G.L.;
Rustgi, A.K.; Vonderheide, R.H., et al. EMT and dissemination precede pancreatic tumor formation. Cell
2012, 148, 349-361, doi:10.1016/j.cell.2011.11.025.
Braun, S.; Vogl, F.D.; Naume, B.; Janni, W.; Osborne, M.P.; Coombes, R.C.; Schlimok, G.; Diel, I.J.; Gerber,
B.; Gebauer, G., et al. A pooled analysis of bone marrow micrometastasis in breast cancer. N Engl J Med
2005, 353, 793-802, doi:10.1056/NEJMoa050434.
Cote, R.J.; Rosen, P.P.; Lesser, M.L.; Old, L.J.; Osborne, M.P. Prediction of early relapse in patients with
operable breast cancer by detection of occult bone marrow micrometastases. J Clin Oncol 1991, 9, 1749-1756,
doi:10.1200/JCO.1991.9.10.1749.
Mansi, J.L.; Easton, D.; Berger, U.; Gazet, J.C.; Ford, H.T.; Dearnaley, D.; Coombes, R.C. Bone marrow
micrometastases in primary breast cancer: prognostic significance after 6 years' follow-up. Eur J Cancer
1991, 27, 1552-1555.
Pantel, K.; Aignherr, C.; Kollermann, J.; Caprano, J.; Riethmuller, G.; Kollermann, M.W.
Immunocytochemical detection of isolated tumour cells in bone marrow of patients with untreated stage
C prostatic cancer. Eur J Cancer 1995, 31A, 1627-1632.
Thorban, S.; Roder, J.D.; Nekarda, H.; Funk, A.; Siewert, J.R.; Pantel, K. Immunocytochemical detection of
disseminated tumor cells in the bone marrow of patients with esophageal carcinoma. J Natl Cancer Inst 1996,
88, 1222-1227, doi:10.1093/jnci/88.17.1222.
Schlimok, G.; Funke, I.; Pantel, K.; Strobel, F.; Lindemann, F.; Witte, J.; Riethmuller, G. Micrometastatic
tumour cells in bone marrow of patients with gastric cancer: methodological aspects of detection and
prognostic significance. Eur J Cancer 1991, 27, 1461-1465.
Weckermann, D.; Muller, P.; Wawroschek, F.; Harzmann, R.; Riethmuller, G.; Schlimok, G. Disseminated
cytokeratin positive tumor cells in the bone marrow of patients with prostate cancer: detection and
prognostic value. J Urol 2001, 166, 699-703.
Goss, P.E.; Chambers, A.F. Does tumour dormancy offer a therapeutic target? Nat Rev Cancer 2010, 10, 871877, doi:10.1038/nrc2933.
Meng, S.; Tripathy, D.; Frenkel, E.P.; Shete, S.; Naftalis, E.Z.; Huth, J.F.; Beitsch, P.D.; Leitch, M.; Hoover,
S.; Euhus, D., et al. Circulating tumor cells in patients with breast cancer dormancy. Clin Cancer Res 2004,
10, 8152-8162, doi:10.1158/1078-0432.CCR-04-1110.
Uhr, J.W.; Pantel, K. Controversies in clinical cancer dormancy. Proc Natl Acad Sci U S A 2011, 108, 1239612400, doi:10.1073/pnas.1106613108.
Kang, Y.; Pantel, K. Tumor cell dissemination: emerging biological insights from animal models and cancer
patients. Cancer Cell 2013, 23, 573-581, doi:10.1016/j.ccr.2013.04.017.
Naumov, G.N.; MacDonald, I.C.; Weinmeister, P.M.; Kerkvliet, N.; Nadkarni, K.V.; Wilson, S.M.; Morris,
V.L.; Groom, A.C.; Chambers, A.F. Persistence of solitary mammary carcinoma cells in a secondary site: a
possible contributor to dormancy. Cancer Res 2002, 62, 2162-2168.
Ghajar, C.M.; Peinado, H.; Mori, H.; Matei, I.R.; Evason, K.J.; Brazier, H.; Almeida, D.; Koller, A.; Hajjar,
K.A.; Stainier, D.Y., et al. The perivascular niche regulates breast tumour dormancy. Nat Cell Biol 2013, 15,
807-817, doi:10.1038/ncb2767.
Lawson, M.A.; McDonald, M.M.; Kovacic, N.; Hua Khoo, W.; Terry, R.L.; Down, J.; Kaplan, W.; PatonHough, J.; Fellows, C.; Pettitt, J.A., et al. Osteoclasts control reactivation of dormant myeloma cells by
remodelling the endosteal niche. Nat Commun 2015, 6, 8983, doi:10.1038/ncomms9983.
Shiozawa, Y.; Pedersen, E.A.; Patel, L.R.; Ziegler, A.M.; Havens, A.M.; Jung, Y.; Wang, J.; Zalucha, S.;
Loberg, R.D.; Pienta, K.J., et al. GAS6/AXL axis regulates prostate cancer invasion, proliferation, and
survival in the bone marrow niche. Neoplasia 2010, 12, 116-127, doi:10.1593/neo.91384.
Jung, Y.; Shiozawa, Y.; Wang, J.; McGregor, N.; Dai, J.; Park, S.I.; Berry, J.E.; Havens, A.M.; Joseph, J.; Kim,
J.K., et al. Prevalence of prostate cancer metastases after intravenous inoculation provides clues into the
molecular basis of dormancy in the bone marrow microenvironment. Neoplasia 2012, 14, 429-439,
doi:10.1596/neo.111740.
Taichman, R.S.; Patel, L.R.; Bedenis, R.; Wang, J.; Weidner, S.; Schumann, T.; Yumoto, K.; Berry, J.E.;
Shiozawa, Y.; Pienta, K.J. GAS6 receptor status is associated with dormancy and bone metastatic tumor
formation. PLoS One 2013, 8, e61873, doi:10.1371/journal.pone.0061873.

Cancers 2019, 11, 1928

16 of 18

110. Mishra, A.; Wang, J.; Shiozawa, Y.; McGee, S.; Kim, J.; Jung, Y.; Joseph, J.; Berry, J.E.; Havens, A.; Pienta,
K.J., et al. Hypoxia stabilizes GAS6/Axl signaling in metastatic prostate cancer. Mol Cancer Res 2012, 10, 703712, doi:10.1158/1541-7786.MCR-11-0569.
111. Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific
vessel subtype in bone. Nature 2014, 507, 323-328, doi:10.1038/nature13145.
112. Spencer, J.A.; Ferraro, F.; Roussakis, E.; Klein, A.; Wu, J.; Runnels, J.M.; Zaher, W.; Mortensen, L.J.; Alt, C.;
Turcotte, R., et al. Direct measurement of local oxygen concentration in the bone marrow of live animals.
Nature 2014, 508, 269-273, doi:10.1038/nature13034.
113. Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: a fatal attraction. Nat Rev Cancer 2011, 11,
411-425, doi:10.1038/nrc3055.
114. Guise, T.A.; Yin, J.J.; Taylor, S.D.; Kumagai, Y.; Dallas, M.; Boyce, B.F.; Yoneda, T.; Mundy, G.R. Evidence
for a causal role of parathyroid hormone-related protein in the pathogenesis of human breast cancermediated osteolysis. J Clin Invest 1996, 98, 1544-1549, doi:10.1172/JCI118947.
115. Kollet, O.; Dar, A.; Shivtiel, S.; Kalinkovich, A.; Lapid, K.; Sztainberg, Y.; Tesio, M.; Samstein, R.M.;
Goichberg, P.; Spiegel, A., et al. Osteoclasts degrade endosteal components and promote mobilization of
hematopoietic progenitor cells. Nat Med 2006, 12, 657-664, doi:10.1038/nm1417.
116. Michaelson, M.D.; Marujo, R.M.; Smith, M.R. Contribution of androgen deprivation therapy to elevated
osteoclast activity in men with metastatic prostate cancer. Clin Cancer Res 2004, 10, 2705-2708.
117. Smith, M.R.; McGovern, F.J.; Zietman, A.L.; Fallon, M.A.; Hayden, D.L.; Schoenfeld, D.A.; Kantoff, P.W.;
Finkelstein, J.S. Pamidronate to prevent bone loss during androgen-deprivation therapy for prostate cancer.
N Engl J Med 2001, 345, 948-955, doi:10.1056/NEJMoa010845.
118. Smith, M.R.; Eastham, J.; Gleason, D.M.; Shasha, D.; Tchekmedyian, S.; Zinner, N. Randomized controlled
trial of zoledronic acid to prevent bone loss in men receiving androgen deprivation therapy for
nonmetastatic prostate cancer. J Urol 2003, 169, 2008-2012, doi:10.1097/01.ju.0000063820.94994.95.
119. Greenspan, S.L.; Nelson, J.B.; Trump, D.L.; Resnick, N.M. Effect of once-weekly oral alendronate on bone
loss in men receiving androgen deprivation therapy for prostate cancer: a randomized trial. Ann Intern Med
2007, 146, 416-424.
120. Klotz, L.H.; McNeill, I.Y.; Kebabdjian, M.; Zhang, L.; Chin, J.L.; Canadian Urology Research, C. A phase 3,
double-blind, randomised, parallel-group, placebo-controlled study of oral weekly alendronate for the
prevention of androgen deprivation bone loss in nonmetastatic prostate cancer: the Cancer and
Osteoporosis Research with Alendronate and Leuprolide (CORAL) study. Eur Urol 2013, 63, 927-935,
doi:10.1016/j.eururo.2012.09.007.
121. Smith, M.R.; Egerdie, B.; Hernandez Toriz, N.; Feldman, R.; Tammela, T.L.; Saad, F.; Heracek, J.;
Szwedowski, M.; Ke, C.; Kupic, A., et al. Denosumab in men receiving androgen-deprivation therapy for
prostate cancer. N Engl J Med 2009, 361, 745-755, doi:10.1056/NEJMoa0809003.
122. Smith, M.R.; Saad, F.; Egerdie, B.; Sieber, P.; Tammela, T.; Leder, B.Z.; Ke, C.; Goessl, C. Denosumab and
changes in bone turnover markers during androgen deprivation therapy for prostate cancer. J Bone Miner
Res 2011, 26, 2827-2833, doi:10.1002/jbmr.492.
123. Ottewell, P.D.; Wang, N.; Meek, J.; Fowles, C.A.; Croucher, P.I.; Eaton, C.L.; Holen, I. Castration-induced
bone loss triggers growth of disseminated prostate cancer cells in bone. Endocr Relat Cancer 2014, 21, 769781, doi:10.1530/ERC-14-0199.
124. Smith, M.R.; Saad, F.; Coleman, R.; Shore, N.; Fizazi, K.; Tombal, B.; Miller, K.; Sieber, P.; Karsh, L.; Damiao,
R., et al. Denosumab and bone-metastasis-free survival in men with castration-resistant prostate cancer:
results of a phase 3, randomised, placebo-controlled trial. Lancet 2012, 379, 39-46, doi:10.1016/S01406736(11)61226-9.
125. Nozawa, M.; Inagaki, T.; Nagao, K.; Nishioka, T.; Komura, T.; Esa, A.; Kitagawa, M.; Imanishi, M.; Uekado,
Y.; Ogawa, T., et al. Phase II trial of zoledronic acid combined with androgen-deprivation therapy for
treatment-naive prostate cancer with bone metastasis. Int J Clin Oncol 2014, 19, 693-701, doi:10.1007/s10147013-0604-z.
126. Okegawa, T.; Higaki, M.; Matsumoto, T.; Kase, H.; Murata, A.; Noda, K.; Noda, H.; Asaoka, H.; Oshi, M.;
Tomoishi, J., et al. Zoledronic acid improves clinical outcomes in patients with bone metastatic hormonenaive prostate cancer in a multicenter clinical trial. Anticancer Res 2014, 34, 4415-4420.
127. Smith, M.R.; Halabi, S.; Ryan, C.J.; Hussain, A.; Vogelzang, N.; Stadler, W.; Hauke, R.J.; Monk, J.P.; Saylor,
P.; Bhoopalam, N., et al. Randomized controlled trial of early zoledronic acid in men with castrationsensitive prostate cancer and bone metastases: results of CALGB 90202 (alliance). J Clin Oncol 2014, 32, 11431150, doi:10.1200/JCO.2013.51.6500.

Cancers 2019, 11, 1928

17 of 18

128. Corces, M.R.; Granja, J.M.; Shams, S.; Louie, B.H.; Seoane, J.A.; Zhou, W.; Silva, T.C.; Groeneveld, C.; Wong,
C.K.; Cho, S.W., et al. The chromatin accessibility landscape of primary human cancers. Science 2018, 362,
doi:10.1126/science.aav1898.
129. Makova, K.D.; Hardison, R.C. The effects of chromatin organization on variation in mutation rates in the
genome. Nat Rev Genet 2015, 16, 213-223, doi:10.1038/nrg3890.
130. Sharma, N.L.; Massie, C.E.; Ramos-Montoya, A.; Zecchini, V.; Scott, H.E.; Lamb, A.D.; MacArthur, S.; Stark,
R.; Warren, A.Y.; Mills, I.G., et al. The androgen receptor induces a distinct transcriptional program in
castration-resistant prostate cancer in man. Cancer Cell 2013, 23, 35-47, doi:10.1016/j.ccr.2012.11.010.
131. Taipale, J. The chromatin of cancer. Science 2018, 362, 401-402, doi:10.1126/science.aav3494.
132. Urbanucci, A.; Barfeld, S.J.; Kytola, V.; Itkonen, H.M.; Coleman, I.M.; Vodak, D.; Sjoblom, L.; Sheng, X.;
Tolonen, T.; Minner, S., et al. Androgen Receptor Deregulation Drives Bromodomain-Mediated Chromatin
Alterations in Prostate Cancer. Cell Rep 2017, 19, 2045-2059, doi:10.1016/j.celrep.2017.05.049.
133. Pomerantz, M.M.; Li, F.; Takeda, D.Y.; Lenci, R.; Chonkar, A.; Chabot, M.; Cejas, P.; Vazquez, F.; Cook, J.;
Shivdasani, R.A., et al. The androgen receptor cistrome is extensively reprogrammed in human prostate
tumorigenesis. Nat Genet 2015, 47, 1346-1351, doi:10.1038/ng.3419.
134. Stelloo, S.; Nevedomskaya, E.; van der Poel, H.G.; de Jong, J.; van Leenders, G.J.; Jenster, G.; Wessels, L.F.;
Bergman, A.M.; Zwart, W. Androgen receptor profiling predicts prostate cancer outcome. EMBO Mol Med
2015, 7, 1450-1464, doi:10.15252/emmm.201505424.
135. Cirillo, L.A.; Lin, F.R.; Cuesta, I.; Friedman, D.; Jarnik, M.; Zaret, K.S. Opening of compacted chromatin by
early developmental transcription factors HNF3 (FoxA) and GATA-4. Mol Cell 2002, 9, 279-289,
doi:10.1016/s1097-2765(02)00459-8.
136. Shim, E.Y.; Woodcock, C.; Zaret, K.S. Nucleosome positioning by the winged helix transcription factor
HNF3. Genes Dev 1998, 12, 5-10, doi:10.1101/gad.12.1.5.
137. Sekiya, T.; Muthurajan, U.M.; Luger, K.; Tulin, A.V.; Zaret, K.S. Nucleosome-binding affinity as a primary
determinant of the nuclear mobility of the pioneer transcription factor FoxA. Genes Dev 2009, 23, 804-809,
doi:10.1101/gad.1775509.
138. He, H.H.; Meyer, C.A.; Shin, H.; Bailey, S.T.; Wei, G.; Wang, Q.; Zhang, Y.; Xu, K.; Ni, M.; Lupien, M., et al.
Nucleosome dynamics define transcriptional enhancers. Nat Genet 2010, 42, 343-347, doi:10.1038/ng.545.
139. Gerhardt, J.; Montani, M.; Wild, P.; Beer, M.; Huber, F.; Hermanns, T.; Muntener, M.; Kristiansen, G. FOXA1
promotes tumor progression in prostate cancer and represents a novel hallmark of castration-resistant
prostate cancer. Am J Pathol 2012, 180, 848-861, doi:10.1016/j.ajpath.2011.10.021.
140. Gao, N.; Zhang, J.; Rao, M.A.; Case, T.C.; Mirosevich, J.; Wang, Y.; Jin, R.; Gupta, A.; Rennie, P.S.; Matusik,
R.J. The role of hepatocyte nuclear factor-3 alpha (Forkhead Box A1) and androgen receptor in
transcriptional regulation of prostatic genes. Mol Endocrinol 2003, 17, 1484-1507, doi:10.1210/me.2003-0020.
141. Roe, J.S.; Hwang, C.I.; Somerville, T.D.D.; Milazzo, J.P.; Lee, E.J.; Da Silva, B.; Maiorino, L.; Tiriac, H.;
Young, C.M.; Miyabayashi, K., et al. Enhancer Reprogramming Promotes Pancreatic Cancer Metastasis.
Cell 2017, 170, 875-888 e820, doi:10.1016/j.cell.2017.07.007.
142. Aparicio, A.; Logothetis, C.J.; Maity, S.N. Understanding the lethal variant of prostate cancer: power of
examining extremes. Cancer Discov 2011, 1, 466-468, doi:10.1158/2159-8290.Cd-11-0259.
143. Beltran, H.; Tomlins, S.; Aparicio, A.; Arora, V.; Rickman, D.; Ayala, G.; Huang, J.; True, L.; Gleave, M.E.;
Soule, H., et al. Aggressive variants of castration-resistant prostate cancer. Clin Cancer Res 2014, 20, 28462850, doi:10.1158/1078-0432.CCR-13-3309.
144. Aggarwal, R.; Huang, J.; Alumkal, J.J.; Zhang, L.; Feng, F.Y.; Thomas, G.V.; Weinstein, A.S.; Friedl, V.;
Zhang, C.; Witte, O.N., et al. Clinical and Genomic Characterization of Treatment-Emergent Small-Cell
Neuroendocrine Prostate Cancer: A Multi-institutional Prospective Study. J Clin Oncol 2018, 36, 2492-2503,
doi:10.1200/JCO.2017.77.6880.
145. Beltran, H.; Prandi, D.; Mosquera, J.M.; Benelli, M.; Puca, L.; Cyrta, J.; Marotz, C.; Giannopoulou, E.;
Chakravarthi, B.V.; Varambally, S., et al. Divergent clonal evolution of castration-resistant neuroendocrine
prostate cancer. Nat Med 2016, 22, 298-305, doi:10.1038/nm.4045.
146. McNair, C.; Xu, K.; Mandigo, A.C.; Benelli, M.; Leiby, B.; Rodrigues, D.; Lindberg, J.; Gronberg, H.; Crespo,
M.; De Laere, B., et al. Differential impact of RB status on E2F1 reprogramming in human cancer. J Clin
Invest 2018, 128, 341-358, doi:10.1172/JCI93566.

Cancers 2019, 11, 1928

18 of 18

147. Dardenne, E.; Beltran, H.; Benelli, M.; Gayvert, K.; Berger, A.; Puca, L.; Cyrta, J.; Sboner, A.; Noorzad, Z.;
MacDonald, T., et al. N-Myc Induces an EZH2-Mediated Transcriptional Program Driving Neuroendocrine
Prostate Cancer. Cancer Cell 2016, 30, 563-577, doi:10.1016/j.ccell.2016.09.005.
148. Clermont, P.L.; Lin, D.; Crea, F.; Wu, R.; Xue, H.; Wang, Y.; Thu, K.L.; Lam, W.L.; Collins, C.C.; Wang, Y.,
et al. Polycomb-mediated silencing in neuroendocrine prostate cancer. Clin Epigenetics 2015, 7, 40,
doi:10.1186/s13148-015-0074-4.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

