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Abstract

Metastasis causes more than 90% of cancer-related deaths and most prostate cancer (PCa) patients 

also die from metastasis. The ‘metastatic cascade’ is a complex biological process that 

encompasses tumor cell dissociation (from the primary tumor), local invasion, intravasation, 

transport in circulation, extravasation, colonization, and overt growth in end organs. It has become 

clear that successful metastasis not only involves many tumor cell-intrinsic properties but also 

depends on productive interactions between cancer cells and the tumor microenvironment. In this 

Review, we begin with a general summary on cancer metastasis and a specific discussion on PCa 

metastasis. We then discuss recent advances in our knowledge of the cellular determinants of PCa 

metastasis and the importance of tumor microenvironment, especially an immunosuppressive 

tumor microenvironment, in shaping metastatic propensities. We conclude with a presentation of 

current and future therapeutic options for patients with PCa metastasis, emphasizing the 

development of novel, mechanism-based combinatorial strategies for treating metastatic and 

castration-resistant PCa.
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Introduction

Despite the overwhelming prevalence of metastases-associated deaths in cancer patients, 

many biological programs underlying this complex process remain unknown. Research has 

been hindered in part by the complexities surrounding the metastatic process and the 
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complex nature and heterogeneity of metastatic tumors. With the advent and continuous 

augmentation of the field of ‘cancer genomics’, along with other advancements, recent 

progress has been made in the field of metastasis in elucidating cellular programs that drive 

cancer metastasis. Several fundamental concepts of dissemination and metastatic outgrowth 

of cancer have been outlined. Metastasis is a complex process that occurs through a multi-

step process, wherein the fate of a metastatic cell is influenced by and depends significantly 

on its interaction with components of the primary tumor, circulatory/lymphatic, and distant 

organ environment. The complexity increases due to the cell-intrinsic properties within that 

cancer cell as well as adaptive programs that impel that cancer cell to survive during 

metastatic colonization, both of which vary between various cancer types. These 

mechanisms, guiding cell-intrinsic and adaptive programs, have proven more difficult to 

elucidate. This Review aims to summarize the recent progress in elucidating unique cellular 

mechanisms and adaptive programs that drive prostate cancer (PCa) metastasis. This 

progress can be partially attributed to improvements in experimental models of metastasis, 

and we will provide experimental data confirming the value of these models. As these novel 

mechanisms inevitably offer potential therapeutic targets and strategies for the management 

of metastasis, the Review will end with a discussion on current therapeutic efficacies and 

future proposals.

Metastatic cascade: A primer

Metastasis occurs when cancer cells leave the primary tumor mass, travel, and survive in 

other locations in the body. This process is complex comprising many stochastic events that 

are dependent on both intrinsic properties of tumor cells as well as reciprocal responses from 

and interactions with numerous other cell types in the microenvironments of both primary 

tumors and end organs [1–4]. Metastatic cells can be generated via clonal evolution or clonal 

selection, wherein time-dependent acquisition of mutated genetic drivers within tumor cells, 

confer proliferative and invasive properties. Alternatively, cancer stem cells (CSCs), which 

pre-exist in primary tumors, may be endowed with intrinsic metastatic propensity. Both 

clonal selection and CSCs likely cooperate to generate cells that have metastatic capabilities. 

The ultimate success of metastasis also depends on cross-talk between metastatic cancer 

cells (the ‘seeds’) and specific end-organ microenvironments (the ‘soil’) [1]. Thus, through 

evolutionary time, genetic diversity, epigenetics, and the tumor microenvironment together 

contribute to metastatic success. Metastasis consists of many interrelated events including 

dissociation of prospective metastasizing cells from primary tumors, local invasion, 

intravasation, transport in the circulation, arrest in microvessels of various organs, 

extravasation, seeding and latency, formation of micrometastasis, and colonization and 

subsequent formation of macrometastasis [3]. With numerous variables at each step, 

metastasis is a highly inefficient process and tumor cells must constantly adapt in order to 

successfully colonize distant organs and form clinically overt lesions.

In the first stage of metastasis, the pre-colonization phase including local invasion and 

intravasation into the tumor vasculature or lymphatic system [3], tumor cells can be 

activated by the local microenvironment and inflammatory signaling to invade and migrate 

through the stroma via cytoskeletal rearrangements and the secretion of proteases that 

degrade extracellular matrix (ECM) proteins. Once shed into the circulation, tumor cells are 
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called circulating tumor cells (CTCs), which must survive a variety of stresses especially the 

hemodynamic shear stress. CTCs can transport as CTC clusters containing tumor cells or 

mix of tumor cells and host cells such as macrophages, platelets, and leukocytes, which can 

provide several benefits [5–7]. For example, platelets may physically protect CTC clusters 

from shear forces, can induce reversible metabolic changes in tumor cells that increase their 

ability to withstand oxidative stress in the bloodstream, and can increase invasiveness via 

releasing signaling molecules [5, 7].

The next phase, organ colonization, includes arrest of CTCs in capillaries at distant sites, 

extravasation, seeding and latency, and overt colonization [3]. The first capillary bed that a 

CTC encounters is largely determined by patterns of blood circulation, which influences the 

final destination of metastasis. Cancer cells then exit capillaries into the tissue parenchyma 

by penetrating the endothelial cell and pericyte layers, a process known as extravasation. The 

differing structures of the capillary walls in each organ, and the capacity of CTCs to pass 

through endothelial walls both influence the organ tropism of metastasis. Additionally, 

cancer cells may possess the ability to specifically target niches, such as the bone marrow 

hematopoietic stem cell (HSC) niche, as their final metastatic destination. Thus, a 

combination of priming signals from the tumor stroma, the composition of CTC clusters, 

blood-circulation patterns, the structure of target-organ capillary walls, cancer-cell-

autonomous functions, and metastatic niches, together, determine metastatic infiltration of 

specific organs.

If CTCs infiltrate distant organs and survive, they are called disseminated tumor cells 

(DTCs). The foreign microenvironment, which encompasses stromal cells, ECM 

constituents, growth factors and cytokines, and even the microarchitecture of the tissue 

itself, are all factors that influence the survival and tumor-initiating activity of DTCs. After 

extravasation, DTCs must develop resistance to immunity (i.e., immune surveillance) and 

other host-tissue defenses. DTCs must also remain in supportive specialized niches, in which 

pro-metastatic stromal mediators would ultimately activate stem-cell support pathways and 

pathways that integrate cell metabolism and survival. DTCs can also enhance their own 

survival by expressing autocrine factors or by recruiting stromal cells as a source of soluble 

activators and amplifiers. DTCs then enter a latent state, during which they must achieve 

long-term survival [8]. In the final stages, cells break out of latency, reinitiate overt 

outgrowth, overtake the local tissue microenvironment and expand into large macroscopic 

metastases. The initiation of overt colonization differs in each organ and involves the 

selection of organ-specific metastatic traits, which gives rise to organ-specific populations of 

metastatic cells. When macroscopic metastases are detected, the patient is treated with 

combinations of conventional chemotherapy, targeted therapy and immunotherapy, which 

can reduce metastatic burden. Nevertheless, a population of residual cancer cells will 

withstand treatment via alteration of intracellular pathways for survival and via survival 

signals from non-neoplastic stromal cells until drug-resistant clones emerge. As a result, the 

cure rates of patients with metastasis remain disappointingly low.

These sequential steps outlining the metastatic cascade are the basis for all cancer types. 

However, the effect of specific environmental interactions with cancer cells harboring 

inherent attributes, lead to novel mechanistic differences between different cancer types. In 
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the following section, we highlight specific examples of the adaptive programs found in PCa 

cells that lead to metastatic PCa.

Prostate cancer metastasis: Recent advances and experimental assays

PCa remains the most prevalent non-cutaneous cancer in men in North America and the 

second most common cause of cancer death worldwide. Age is the greatest risk factor for 

PCa, as the majority (64%) of PCa patients are over 70 years and <1% are under age 50. The 

growth of normal and malignant prostate tissue is regulated by androgens through action of 

the androgen receptor (AR) in both epithelial and stromal cells. Thus, the primary treatment 

for metastatic PCa (mPCa) is androgen-deprivation therapy (ADT), and in the majority of 

patients, this provides a temporary control of the disease. However, cancer cells eventually 

become castration resistant resulting in disease progression to metastatic castration-resistant 

prostate cancer (mCRPC). The survival rate for both patients with mPCa at diagnosis and 

patients with mCRPC upon ADT failure is poor. Interestingly, overall survival (OS) time in 

men with mCRPC is associated with sites of metastasis, with a shorter OS observed for lung 

and liver metastases as compared with bone and non-visceral involvement [9].

The development of an efficacious cancer therapy critically relies on the existing paradigm 

of cancer pathogenesis. The oligometastatic state, first proposed in 1995, was defined as an 

intermediate stage of cancer spread between locally confined disease and widely metastatic 

disease [10] At the time, the cell-of-origin, the specific cellular and molecular mechanisms 

as well as the importance of the microenvironment leading to the development of cancer 

were unknown or excluded, and tumor size was the principle basis for tumor staging. The 

clinical implication was that ablation of these limited and treatable cancer metastases, along 

with primary tumor resection, could potentially result in a cure. Today, the emergence of 

high-resolution genome technologies has revolutionized the field of cancer genomics. Within 

the PCa field, this technology has led to data generally supporting a monoclonal origin of 

multifocal PCa [11]. These studies suggest that primary tumors are composed of many 

different subclones, each one comprised of genetically identical cells, distinguishable from 

other subclones by their specific acquired mutations. Subclones with advantageous survival 

attributes such as intrinsic drug resistance, become dominant and survive. Interestingly, 

recent studies also provide evidence that PCa, in the context of ADT-associated metastasis, 

displays dynamic patterns of evolution [12]. Metastasis-to-metastasis spread was found to be 

common via two mechanisms. First, subclones within a metastasis can originate from 

another metastatic site rather than the primary tumor, a process called ‘cross-metastatic 

seeding’ [13]. This phenomenon was also demonstrated in response to therapy in a patient 

with lethal PCa [14]. Second, the same sets of subclones can seed multiple sites of 

metastasis, a process called ‘polyclonal seeding’ [13]. Multiple subclones may be shared 

between such polyclonal seeds for two or more metastases, suggesting that these subclones 

might functionally cooperate with one another to promote metastatic progression. Distant 

metastases could also reseed the surgical bed suggesting that PCa cells may take advantage 

of pre-existing supportive niches [14]. This process of ‘tumor self-seeding’ has previously 

been observed with PCa CTCs, which could lead to additional recruitment of CTCs and 

confer enhanced tumor growth [15]. Despite these breakthroughs in analysis of the PCa 

genome, clinical diagnoses for oligometastatic PCa are still based on the number of 
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extrapelvic lesions, as a gap still remains between genomic data and specific properties of an 

individual patient’s disease.

Lack of an accurate definition of oligometastatic PCa emphasizes the critical need for more 

efficacious biomarkers to monitor mPCa disease behavior, optimize duration of treatment 

and assess benefit from therapy. In this regard, CTCs could be used to track the biological 

evolution of mPCa. Despite technical challenges due to the rarity and molecular 

heterogeneity of CTCs [6, 16], significant technological innovation has created several 

reliable methods for their isolation and detection. CTCs have recently been shown to have 

diagnostic and predictive values in patients with mCRPC [17]. Whole genome sequencing 

(WGS) at the single cell level demonstrated the shared genomic alterations between CTCs 

and serial tissue biopsies obtained from a patient with mCRPC [18]. As bone is the most 

frequent site of mPCa, data obtained from bone marrow aspirates can also be relevant. 

Interestingly, tumor cell clusters have been found to be more prevalent and bigger in bone 

marrow aspirates than in blood, express higher levels of the AR protein per tumor cell, and 

are prognostic in mCRPC. This suggests that such DTC clusters are key mediators in PCa 

progression, and that methods that allow for serial monitoring of the disease composition in 

the bone marrow can provide insight into relevant determinants of PCa progression [19]. 

Several predictive biomarkers have also been proposed for the identification of PCa patients 

at high risk for metastatic progression. A recent report describes the first study implicating 

that autoantibodies specific for fetuin-A, a liver secretory protein that accumulates in bone, 

may be effective prognostic indicators for PCa patients prone to metastasis [20]. Another 

recent study validates eight differentially methylated CpGs including CpGs in five genes 

(ALKBH5, ATP11A, FHAD1, KLHL8, and PI15) and three intergenic regions, which could 

be used as prognostic biomarkers to distinguish PCa patients with metastatic-lethal from 

non-recurrent tumors [21].

The functional validation of WGS data has been partly inhibited by the difficulty in 

developing patient derived models that capture the biological heterogeneity and mutation 

landscape in advanced PCa. Animal models offer an advantage of more accurately 

mimicking results in a living organism, and include genetically engineered mouse models 

(GEMMs), xenograft models, and patient-derived xenografts (PDXs). The major limitation 

of most PCa cell lines and xenografts is that they are derived from clinically aggressive 

lesions. In an effort to increase the clinical translatability of animal models of PCa 

metastasis, several recent reports provide evidence for novel models that overcome this 

limitation. RapidCap, a novel GEMM for mPCa analysis that displays highly penetrant 

metastatic disease progression and emergence of castration-resistant metastasis, was used to 

successfully show that Myc is a driver of Pten-mutant metastasis [22]. Spontaneous 

metastasis in the popular human xenograft model of primary PCa, CWR22, was recently 

reported and characterized to represent the full spectrum of disease from primary PCa, to 

CRPC, to metastatic disease [23]. Recently, PDX lines called the Living Tumor Laboratory 

(LTL), based on the subrenal capsule grafting technique, have been reported [24]. This 

collection of more than 200 transplantable PDX models of various low to high-grade human 

cancers, including 45 PCa lines, could be a powerful platform for translational cancer 

research. PDXs derived from sequential biopsies from prostate metastases from a single 

patient can also provide individual metastatic tumor expression signatures that may be 
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helpful in predicting efficacy of drugs, and data confirms that the patient’s genomic and 

transcriptomic alterations are preserved in these sequential PDXs [25].

How, in reality, can human metastasis be accurately experimentally assayed? Two major 

metastasis assays have been employed (Figure 1A). In experimental metastasis assays, 

human cancer cells are directly injected into the circulation, either intra-cardiacally (IC) or 

through tail vein (TV) of recipient immunodeficient mice. Such assays bypass key early 

steps of metastasis including local invasion and intravasation but do assess the survival of 

tumor cells in the circulation and all subsequent steps of the metastatic cascade. The IC-

injected human cancer cells would disseminate into many organs whereas TV-injected 

cancer cells become ‘trapped’ mainly in the lung (Figure 1A). In contrast, spontaneous 
metastasis assays, in which human cancer cells are implanted in immune-compromised mice 

either ectopically (e.g., subcutaneous or SC) or orthotopically (e.g., in the dorsal prostate or 

DP), allow the analysis of most steps in the metastatic cascade (Figure 1A). In both types of 

metastasis assays, the sites and extent of metastasis can be qualitatively, semi-quantitatively, 

or quantitatively assessed depending on whether human cancer cells are labeled or not or 

labeled with GFP/FRP vs. luciferase (Figure 1B). For example, GFP-labeled PC3 (PC3-

GFP) human PCa cells injected into the heart ‘metastasized’ to most of the 9 organs 

analyzed whereas the same cells injected through the TV were only found in the lung, as 

semi-quantitatively assessed by estimating the abundance of GFP+ cells (Table 1). Similarly, 

we employed luciferase-tagged (Figure 1C–E), GFP-labeled (Figure 2; Table 2, Table S1), or 

dual-labeled (Figure S1) human PCa cells to perform spontaneous metastasis assays. Of 

interest, we observed that PC3-luc/GFP cells implanted in the DP, i.e., the orthotopic site, 

metastasized to the lung, kidney, lymph node (LN), and some other organs whereas the same 

cells implanted SC, despite developing similar-sized primary tumors, rarely metastasized 

(Figure 1C–E; data not shown). Similar differential metastasis between DP vs. SC tumors 

was observed using GFP-labeled (Table 2) or Luc/GFP-tagged (Figure S1) cells. Human 

PCa cells implanted into the mouse anterior prostate (AP) lobes also manifested greater 

metastatic potential compared to SC implanted isogenic cells (Figure 2; Table S1). Time 

course studies of DP metastasis revealed that metastasis to the lung and pancreas was 

observed first in the second week after implantation, after which time increasing metastasis 

to many other organs was noted (Table S2). By 7 weeks, the lung, LN, and kidney showed 

highest levels of metastasis. Importantly, human PCa cells recovered from end organs in 

both IC injection (Figure 3) and AP-implantation (Figure S2) models could re-establish 

clonogenic growth. These studies support the well-established concept that the 

orthotopically implanted human tumor cells produce more widespread metastasis than 

ectopically implanted isogenic tumor cells [26] and highlight the importance of primary 

tumor microenvironment in dictating metastatic spread. In addition to assessing end organs 

for labeled metastatic cells, metastatic route tracking allows visualization of the specific 

routes cancer cells take when migrating from the primary tumor to distant sites. Recent data 

utilizing this technique on orthotopically transplanted human PCa-GFP cells in mice was 

shown to accurately mimic metastasis in hormone-independent advanced-stage PCa seen in 

the clinic [27].

One caveat with mouse xenograft studies is the lack of a functional immune system in host 

animals. The future use of humanized mice, immunodeficient mouse strains with engrafted 
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human immune systems, can allow researchers to examine xenograft growth in the context 

of a human immune system and resultant tumor microenvironment, and recent studies have 

highlighted the increased similarities in attendant tumor structure, metastasis, and signaling 

to those features in cancer patients [28]. Further improvements in PDX models and GEMMs 

of metastasis, enhanced imaging technologies and advanced genomic sequencing, including 

the ability to analyze single cells [29], will produce a deeper understanding of the cellular 

basis of PCa metastasis. Below we discuss the nature of metastatic cells, i.e., cellular 

determinants of PCa metastasis (Table 3).

Cellular determinants of PCa metastasis

What is the inter-relationship between metastatic PCa cells versus prostate cancer stem cells 

(PCSCs), cells undergoing EMT (epithelial-mesenchymal transition), and the above-

discussed CTCs and DTCs? In general, PCSCs seem to possess enhanced metastatic 

propensities (reviewed in [30]). For example, CD44+ PCa cells purified from several 

xenograft models are enriched not only in tumor-initiating cells but also in metastasis-

initiating cells [31]. Similarly, high aldehyde dehydrogenase (i.e., ALDH) activity has been 

associated with both tumor-initiating and metastasis-initiating cells in human PCa [32]. A 

subpopulation of PSA−/lo cells characterized by a lack of prostate specific antigen (PSA) 

expression, a differentiation marker, is enriched in CSCs that can undergo asymmetric cell 

division [33]; and cells within the PSA−/lo subpopulation bearing the ALDHhiCD44+α2β1+ 

phenotype (or TM+ cells) have been shown to both initiate and propagate CRPC [34]. 

Whether PSA−/lo or TM+ PCa cells also possess enhanced metastatic capacities has not been 

prospectively addressed. It should be noted that stemness represents a “state” rather than a 

fixed phenotype defined by biomarkers. Thus, stemness can be lost or acquired during 

metastasis. Indeed, not all tumor-initiating cells (i.e., CSCs) posses the ability to 

metastasize. For example, PCa cells expressing high levels of DNA topoisomerase 2-alpha 

(TOP2A) are the cells that can initiate metastasis but the TOP2Aneg cell population is 

enriched in CSCs [35]. Interestingly, a population of PCa cells with enhanced metastatic 

potential, i.e., metastases-initiating cells (also called MICs), appears to have the special 

ability to recruit and reprogram non-tumorigenic cancer as well as non-cancerous epithelial 

and stromal cells to participate in the metastatic process [36, 37].

The relationship between metastatic PCa cells and EMT is more complicated. Despite 

overwhelming preclinical evidence, the true role of EMT in cancer progression and 

metastasis remains hotly debated as recent genetic studies suggest that EMT is not required 

for lung or pancreatic cancer metastasis but instead is associated with chemoresistance [38, 

39]. PCa cells with an EMT phenotype were shown to display stem cell features 

characterized by increased expression of Sox2, Nanog, Oct4, Lin28B and/or Notch1 [40]. 

However, cancer cells in metastatic outgrowths are epithelial-like suggesting that 

mesenchymal cells must revert to the epithelial phenotype via the mesenchymal-to-epithelial 

transition (MET), in order to initiate colonization. Indeed, constitutive Snail1 activation, an 

EMT inducer, actually suppresses stemness in PCa cell lines [41]. These discussions 

highlight EMT and MET as a dynamic process in which cancer cells may reside at different 

stages of mesenchymal - epithelial continuum. A recent study in an autochthonous genetic 

murine model of PCa reported the isolation and characterization of mesenchymal-like and 
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EMT tumor cells, the latter of which harbor both epithelial and mesenchymal characteristics 

[42]. Both populations displayed enhanced stemness and enriched tumor-initiating capacity. 

Nevertheless, only epithelial EMT tumor cells had the ability to form macrometastases [42], 

suggesting that mesenchymal and epithelial states in cancer cells contribute differentially to 

their capacities for tumor initiation versus metastatic seeding.

The relationship between CTCs, EMT-PCa cells, and PCSCs is also intricate. Cohesive-

clusters of CTCs from primary prostate tumors are reported to employ a partial EMT, 

adopting some mesenchymal characteristics but maintaining an “intermediate phenotype” 

that is epithelial in nature, thereby allowing an epithelial cell–cell adhesion and a 

mesenchymal motility trait [43]. CTCs from patients with advanced PCa display both 

epithelial and mesenchymal markers [44]. The distinction between CTCs and PCSCs is 

blurry as well. In one study, 60% of the CTCs profiled from PCa samples express putative 

stem-like markers such as ALDH7A1 and KLF4 but whether such CSC marker-expressing 

CTCs truly possess enhanced CSC and metastasis properties remains unknown [45].

DTCs are known to be largely dormant and this dormancy may be induced by an 

unfavorable tumor microenvironment, epigenetic changes caused by the end organ 

microenvironment, inadequate nutrient supplies, or by the inherent nature of the DTCs [46]. 

PCa DTCs and PCSCs share many common biological traits such as dormancy, and the 

tumor microenvironment may play a major role in regulating stem cell functions in DTCs. 

For example, PCa DTCs may target the normal HSC niche for survival and compete with 

resident HSCs to establish their own niche [47]. DTCs expressing a PCSC phenotype were 

shown to represent a small fraction of total DTCs, but were able to better block HSC binding 

to osteoblasts, an interaction HSCs use to localize to the niche, thus displacing HSCs from 

their niche. Importantly, there was a time-dependent enrichment in the frequency of this 

PCSC population in bone marrow, further enhancing the ability to displace HSCs. 

Additionally, PCa cell binding to components of the HSC niche increases the dormant 

population of PCa and their ability to withstand multiple chemotherapeutic insults. 

‘Dormancy enriched’ populations of human PCa cells bind osteoblasts in the HSC niche in 

the bone marrow, which induced the expression of TBK1 (TANK binding kinase 1), 

subsequently inhibiting mTOR signaling leading to dormancy, maintenance of PCSC 

attributes (CD133+/CD44+), and drug resistance [48]. Dormancy in DTCs and PCSCs 

partially explains why not all patients with DTCs develop overt clinical metastasis. It should 

be noted that metastatic ability may not necessarily be solely attributed to PCSC phenotypes, 

as a recent study demonstrates that a subpopulation of bone metastasis-initiating PCa cells is 

defined by mitotic quiescence, but not by ‘stemness’ [49]. This mitotic quiescence was 

associated with high levels of CXCR4 production, a molecule that plays a role in the homing 

of quiescent tumor cells to bone. Thus it appears that both DTCs and PCSCs can be cellular 

determinants of PCa metastasis, due to their common nature of dormancy.

Microenvironmental regulation of PCa metastasis

The microenvironment can influence cells in both primary tumors and in the end organs 

during the successful establishment of metastasis. Both types of tumor microenvironment 

consist of a network of stromal fibroblasts, fibroblast-like cells, smooth muscle cells, 
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immune cells, blood vessels, mesenchymal stem cells (MSCs), fat cells, neural cells, and 

tumor cells that all communicate with each other via both direct cell-cell contact and soluble 

factors including chemokines, cytokines, and the ECM components. These reciprocal 

interactions create a pro-tumor and inflammatory-sustained microenvironment, which leads 

to altered tumor cell survival, proliferation and angiogenesis, resistance to therapy, evasion 

of immune surveillance and increased metastatic spread largely by virtue of epigenetic 

mechanisms. Data from a recent study clearly displayed evidence of epigenetic 

reprogramming wherein highly metastatic variants of human PCa cells were generated via 

serial cycles of LN metastasis in mice, ultimately producing a selected cell line that 

developed 100% metastasis in several metastatic sites [50]. Intriguingly, this metastatic 

selection shifted an initial heterogeneous population of PCa cells to be highly enriched in 

giant cells resistant to chemotherapy drugs and specific for bone metastasis.

In primary tumor microenvironment, the growth and invasive potential of carcinoma cells 

are strongly influenced by the local accumulation of connective tissue cells and extracellular 

material, a phenomenon called the ‘reactive tumor stroma’. The reactive stroma in PCa is 

composed of fibroblasts, myofibroblasts, endothelial cells and immune cells, but consists 

largely of activated cancer-associated fibroblasts (CAFs). CAFs support the survival of PCa 

cells by secreting soluble factors including inflammatory cytokines, angiogenic factors and 

ECM-proteins and their proteases, and growth factors, creating a niche that modulates the 

oncogenic potential of adjacent epithelia in PCa. Reciprocal activation of PCa cells and 

CAFs promotes tumorigenesis, EMT, cancer stemness, and bone metastasis of human PCa 

[51–53]. Human reactive stroma exhibits increased transforming growth factor-beta (TGF-β) 

signaling adjacent to pathologic lesions, and is enhanced by WNT signaling, which 

accelerates FGFR1-driven (fibroblast growth factor receptor 1) adenocarcinoma [54]. 

Additionally, MSCs can be recruited into PCa tumors, converted into CAFs via CXCR6 

signaling, and secrete CXCL12, which binds to CXCR4 on tumor cells and induces EMT, 

promoting metastasis to secondary tumor sites [55]. Finally, CAFs can be a novel source of 

GDF15, a TGFβ/BMP family pro-metastatic growth factor, which produces prominent 

paracrine effects on PCa cell migration, invasion, and tumor growth in human PCa, 

including systemic in vivo effects on the outgrowth of distant and otherwise indolent PCa 

cells [56].

Despite their metastasis-abetting roles, the stromal cells in primary PCa surprisingly do not 

seem to sustain prevalent clonal somatic copy-number alterations [57]. The genomes of 

stromal cells associated with PCa were found to be generally stable and indistinguishable 

from the benign stroma and benign epithelial cells from the same patient [57], suggesting 

that molecular mechanisms other than chromosomal aberrations, most likely epigenetic, 

cause reactive stroma initiation and PCa progression. For example, IL-6 can contribute to the 

epigenetic silencing of TGF-β type II receptor (TGFBR2) in adjacent fibroblastic cells, and 

this loss of prostatic stromal TGF-β signaling was found to mediate the further epigenetic 

silencing of DNA damage repair and reactive oxygen-metabolism genes [58]. It is important 

to note that the exact function of CAFs in PCa progression may depend upon the stage, 

grade, hormonal and differentiation status of the primary tumor. This complexity is further 

augmented by the fact that the interaction between CAFs and PCa cells is mediated in part 
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by androgen receptor (AR), which is heterogeneously expressed and whose role in tumor 

progression may be context-dependent [59].

The overall immune-microenvironment (i.e., the composition of immune cell types) in 

primary tumors may also play a significant part in PCa metastasis. Mutations in PCa 

epithelial cells can generate patient-specific neoantigens that can trigger immune recognition 

[60]. Additionally, remodeling of the tissue ECMs releases a range of soluble and insoluble 

factors, some being ‘danger signals’ alerting the immune system leading to the recruitment 

of infiltrating inflammatory cells [61]. Despite this, anti-tumor immune activation is 

inefficient in PCa, suggesting that regulatory networks within the reactive stroma generally 

inhibit immune cell functions locally. For example, TGF-β released by CAFs or PCa cells, 

can induce FOXP3 (forkhead box protein P3) expression in CD8+ T cells, which may 

convert CD8+ effector T cells into T regulatory cells (T-regs), thus creating an 

immunosuppressive tumor microenvironment [62]. Furthermore, CAFs in PCa can induce 

monocyte recruitment via SDF-1 (stromal cell-derived factor-1 or CXCL12) delivery, and 

promote monocyte trans-differentiation toward the M2 immunosuppressive macrophage 

phenotype, cells causally responsible for establishing an immunosuppressive pro-tumor 

microenvironment [63]. The reciprocal interplay between PCa cells, CAFs and these cancer-

associated macrophages (CAMs), promotes cell motility, escape from the primary tumor, 

enhanced malignancy and metastatic spread. Infiltrating macrophages alone have been 

shown to induce prostate tumorigenesis via AR-inflammatory cytokine CCL4–STAT3 (C-C 

motif chemokine ligand 4)–(signal transducer and activator of transcription 3) activation, 

downregulation of p53/PTEN (phosphatase and tensin homolog) tumor suppressors, and 

promotion of EMT signaling pathways [64]. CAMs within CTC clusters also aide in PCa-

cell invasion and migration through modification of the adhesion function of laminin binding 

integrins that interact with laminin 511, and recent data suggests a significant role for CAMs 

in the development of docetaxel resistance in CRPC [65].

Precise quantification and characterization of the immune infiltrates in PCa is crucial to 

improve treatment efficacy; however, the composition of this immune infiltrate in PCa varies 

widely with disease stage and patient age. Additionally, infiltrating lymphocytes are poorly 

characterized due in part to the immunosuppressive microenvironment. It has been 

documented that clusters of CD25+ and FOXP3+ T-regs, and quiescent CD3+ lymphocytes, 

surround PCa islets [66]. Cells expressing programmed cell death 1 (PD-1) and its ligand 

(PD-L1), whose binding results in reduced T-cell activation, were also detected in these 

clusters. PCa patients with higher numbers of CD4+ T-regs in the PCa environment have an 

increased risk of mortality, supporting the role of this immunosuppressed microenvironment 

in PCa [67]. High fractions of T-regs and blood monocytic myeloid-derived suppressor cells 

(MDSCs) in peripheral blood have been related to poor prognosis [68]. In a recent study, 

mCRPC-associated MDSCs potently inhibited autologous CD8+ T cell proliferation and 

CD8+ T cell production of IFNγ and granzyme-B [69]. Circulating MDSCs also displayed 

high levels of activated STAT3, which induced expression and enzymatic activity of 

Arginase-1, a potent T-cell inhibitor, conferring further MDSC-mediated 

immunosuppression.
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High expression levels of natural killer (NK) cell activating receptors (NKp46, NKG2D, 

DNAM-1 and NKp30) and high cytotoxicity, are associated with good prognosis in patients 

with mPCa, suggesting that NK cells play an important role in reducing PCa progression and 

improving response to therapy [70]. However, recent detection of tissue tolerance 

mechanisms against NK cells further implicates the presence of a strong immunosuppressive 

environment in PCa. For instance, NK cells infiltrating the prostate gland display an 

immature phenotype with low or no cytotoxic potential, and PCa cells may also induce the 

expression of NK inhibitory receptors and downregulate the expression of NK activating 

receptors [71]. The function of mast cells (MCs) in mPCa is clearly determined by the 

microenvironment. For example, intratumoral MCs negatively regulate angiogenesis and 

tumor growth, while peritumoral MCs express high levels of the angiogenic factor FGF-2, 

which may contribute to the expansion of prostate tumors [72]. In ADT treated cells, 

infiltrating MCs have been shown to enhance PCa invasion via altering LncRNA-HOTAIR/

PRC2-AR-MMP9 signals and increasing PCSC populations [73]. Higher B-cell infiltration 

is present PCa tissue, which correlates with higher grades and higher risk of recurrence [74]. 

CXCL13 induced B-cell recruitment, and Lymphotoxin released from B-cells was shown to 

promote CRPC via activation of IKKα and STAT3 in androgen-deprived PCa cells, thereby 

promoting survival and proliferation [75]. Also, activation of the IKKα-E2F1-BMI1 cascade 

by infiltrating B-cells occurs in PCSCs and controls tumor recurrence [76]. Finally, B-cells 

can mediate chemotherapy resistance through the production of cytokine IL-10 and 

expression of the inhibitory ligand PD-L1 [77]. Again, it is important to note that the precise 

function of each immune cell type is context dependent. Overall, CAMs, neutrophils and 

MCs mostly exhibit pro-tumor qualities, whereas NKs exhibit anti-tumor effects.

Once prospective metastatic PCa cells leave the primary tumor and extravasate into the end 

organs, most of the cells would remain dormant, which can last for years to decades. This 

dormancy obviously entails PCa cells in a foreign microenvironment to first develop the 

ability to escape the immune surveillance, a process that we generally know little of at this 

moment. As PCa cells have a proclivity to metastasize to the bone, we shall focus our 

subsequent discussions mainly on how the bone marrow (BM) microenvironment may be 

conducive in promoting PCa bony metastasis. The BM microenvironment contains a highly 

heterogeneous population of cells, including HSCs, MSCs, vascular endothelial cells, 

fibroblasts, adipocytes and nerve fibers, all of which have the potential to influence prostate 

tumor growth in the marrow. In PCa bone metastases, expression of TGFB2R is lost in 

CAFs, causing loss of TGF-β responsiveness and an alteration in chemokine levels, thus 

facilitating development of mixed osteoblastic/osteolytic PCa bone lesions [78]. MSCs can 

play a pro-oncogenic role in bone metastasis by producing TGF-β1, which subsequently 

leads to MMP-2 and MMP-3 upregulation in PCa cells. CCL5 produced by infiltrating MSC 

cells altered HIF2α signaling within PCa cells, which might play a key role in increasing 

PCSCs and PCa metastasis via altering AR signals [79]. MSC tropism can also be regulated 

by TGF-β1 [80]. TGF-β1 secreted by both PCa cells and tumor stroma cells, attracts MSCs 

and can induce their transdifferentiation into CAFs, which can increase tumor invasiveness, 

perform vascular mimicry, and recruit monocytes.

Bone metastases from PCa are associated with increased osteoblast and osteoclast activity. 

Osteoclasts are thought to play a role in HSC mobilization, and the activation of osteoclastic 
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activity by tumor cells can release growth factors and cytokines sequestered in bone matrix, 

which contributes to the growth of PCa in the bone, a process termed “the vicious cycle” 

[47]. Osteoclasts play a significant role in driving tumor growth once DTCs become 

established in bone, but are not critical for the earliest seeding of DTCs into the HSC niche 

[81]. Osteoblastic niche-derived GAS6 and the Mer/mTOR pathway can convert PCa DTCs 

to PCSCs in the HSC niche, highlighting the significant role of these cells and the HSC 

niche in promoting PCa metastasis [82]. It is becoming increasing clear that adipocytes also 

have a definite and significant role in PCa progression. For example, infiltrating pre-

adipocytes in the prostate tumor microenvironment can be recruited to PCa and increase PCa 

metastasis via modulation of the miR-301a/AR/TGF-β1/Smad/MMP9 signals [83]. 

Adipocytes located in the periprostatic adipose tissue were also recently shown to direct the 

migration of PCa cells, a process dependent on the stimulation of CCR3 expressing cells by 

adipocyte-secreted-CCL7 [84]. In human PCa, expression of the CCR3 receptor was found 

to be associated with the occurrence of aggressive disease, implicating adipocytes in PCa 

aggressiveness. Additionally, increased marrow adiposity due to high fat diet was found to 

accelerate growth and progression of prostate tumors in bone. Bone marrow adipocytes were 

found to be a significant source of CXCL1 and CXCL2, which drives osteoclastogenesis and 

prostate tumor-driven osteolysis of the bone in mPCa [85]. Bone marrow adipocytes also 

play a role in metabolic reprogramming by interacting with mPCa cells in a paracrine 

signaling fashion to induce increased expression of glycolytic enzymes, via the oxygen-

independent mechanism of HIF-1α activation [86].

Finally, formation of autonomic nerve fibers in the tumor microenvironment may also 

regulate PCa development and dissemination [87]. In the initial phases of cancer 

development, adrenergic fibers from the SNS (sympathetic nervous system), acting through 

stromal β2- and β3-adrenergic receptors, promote tumor cell survival. Cholinergic fibers of 

the PNS (peripheral nervous system) subsequently play predominant roles in tumor cell 

invasion, migration, and distant metastases via the involvement of nerve ending–derived 

acetylcholine–activated cholinergic muscarinic receptor 1 (CHRM1) in mesenchymal cells 

in the tumor microenvironment. Intriguingly, expression of CHRM3 in tumor cells 

themselves may increase PCa cell aggressiveness and invasion via autocrine response to 

acetylcholine and perhaps other neurotransmitters [88].

Potential therapeutic intervention of PCa metastasis

Death by PCa in most patients is accompanied by metastasis. To date, there is no effective 

therapy available for the treatment of CRPC and patients generally die within 2 to 4 years. 

The substantial degree of PCa heterogeneity and the existence of divergent cancer clones 

within a primary tumor may explain development of rapid treatment resistance and hinder 

therapeutic targeting [89, 90]. Heterogeneity in CRPC is observed clinically, ranging from 

patients who are asymptomatic and do not have metastases to those with substantial 

symptoms and both bony and visceral metastases. While several molecular tests have been 

introduced commercially, currently none are used to assist clinicians in establishing 

efficacious treatment options. In the future, molecular stratification, which will rely on the 

identification of key molecular drivers and mechanisms underlying PCa metastasis, will 

guide therapeutic options for maximum efficacy. Based on our current knowledge, the most 
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efficacious therapy should target cellular, molecular and epigenetic determinants, as well as 

microenvironmental regulators, with a preferential focus on those linked to ‘stemness’.

Currently, patients diagnosed with organ-confined PCa of low Gleason grade follow an 

indolent clinical course and can be managed by ‘active surveillance’, which involves simply 

monitoring the tumor over time, preventing unnecessary therapy and their serious side 

effects [91]. For metastatic disease, current treatment options consist of AR-directed 

therapies (abiraterone acetate, enzalutamide), taxane tubulin-binding chemotherapies 

(docetaxel, cabazitaxel), immunotherapies (sipuleucel-T), and bone-targeting 

radiopharmaceuticals (radium-223). PCa is still one of the few solid tumors treated with a 

mono-treatment approach. With the ease of prescribing oral agents with less toxicity, over 

administering agents intravenously with serious side effects, chemotherapy has remained 

secondary to second-generation androgen receptor signaling inhibitors [92]. But at best, the 

‘improvement in survival’ for any one of these treatment options only adds a few months to 

patients’ median survival time.

With recent advances in characterizing PCa cellular and molecular heterogeneity, and in the 

understanding of the mechanisms of PCa adaptation to ADT, it is becoming clear that 

therapeutic efforts should focus on combination regimens, ultimately leading to precision 

medicine. As PCa heterogeneity increases throughout PCa progression, these combinatorial 

approaches may be more efficacious if used in the early stages of PCa [93]. A greater 

understanding of PCa heterogeneity provided the rationale for two large randomized clinical 

trials assessing the addition of chemotherapy to ADT. The CHAARTED randomized phase 

III trial revealed the remarkable efficacy of docetaxel combined with ADT, versus ADT 

alone, in patients with newly diagnosed mPCa [94]. Additionally, early administration of 

docetaxel to patients with mPCa was shown to significantly benefit the outcomes of those 

patients. The STAMPEDE study also demonstrated an unprecedented survival benefit in 

favor of the combination [95]. In another recent trial, abiraterone was shown to have direct 

bone antiresorptive and anabolic activity [96], and a randomized phase 3 trial is currently 

examining the survival benefit of abiraterone and ADT versus ADT plus a placebo in men 

with newly diagnosed mCRPC (NCT01715285). In comparison with bicalutamide, 

enzalutamide has proven to be a more potent AR blocker with no AR agonist activity in 

mPCa [97, 98]. Based on these results, a current randomized phase 3 trial in patients with 

mCRPC seeks to compare ADT plus enzalutamide versus ADT plus a conventional anti-

androgen (NCT02446405). The need for improving AR-directing tumor growth inhibition 

has also led to current trials investigating combinations of hormonal agents. The rationale 

for these trials is based on preclinical observations that abiraterone treatment can activate 

AR in CRPC via intratumoral de novo steroid synthesis [99]. Finally, a new generation of 

AR pathway-targeted agents, including ODM-201, a novel AR inhibitor that displays high-

affinity binding and inhibition of AR nuclear translocation, and galeterone, a multi-targeted 

agent that combines CYP19 inhibition and AR antagonism with an ability to increase AR 

protein degradation, are being tested in clinical trials in patients with mPCa [100, 101].

The lack of a survival benefit from ADT as a monotherapy could be due to androgen-

independent PCSCs already present at early stages of the disease. While ADT destroys the 

bulk of AR+ cells, continued survival of PCSCs promotes CRPC. Thus, it is essential to 
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develop combinatorial therapeutics, which include agents specifically targeting these cells, a 

challenging feat as many PCSCs characteristics preclude current targeting methods. Small-

cell neuroendocrine differentiation in prostatic carcinoma is an increasingly common 

resistance mechanism to potent ADT as AR−/lo cells demonstrate stem cell like 

characteristics. A recent study showed that these cells and high-grade/NE prostate tumors 

are characterized by elevated FOXC2 (TF Forkhead Box Protein C2) [102]. Targeting 

FOXC2 using a p38 inhibitor restored epithelial attributes and ADT-sensitivity, and reduced 

the shedding of CTCs with significant shrinkage in the tumor mass, thus specifying a 

mechanism to target PCSCs.

The recent progress in next-generation sequencing has provided a more accurate genomic 

landscape of PCa suggesting that future mPCa treatments will likely be molecularly driven. 

For example, one study demonstrated that the majority of mCRPCs analyzed contained 

potentially clinically actionable mutations that could be targeted by available drugs [103]. 

Importantly, approximately 20% of patients had somatic mutations in DNA repair genes 

(DRGs), including BRCA1, BRCA2, ATM, FANCA, RAD51B, and RAD51C [103]. The 

rate of DRG germline aberrations in mCRPC was recently shown to be 11.8% [104]. Thus, 

inherited and acquired defects in DNA damage repair are key mechanisms in the genesis of 

malignant tumors, and detection of germline mutations in DRGs in men with PCa has 

important clinical implications. Patients with mPCa and DRG mutations have been shown to 

respond to poly(ADP-ribose) polymerase (PARP) inhibitors (PARP facilitates DNA damage 

repair) [105]. These tumors also appear to be responsive to platinum-based chemotherapy 

[106]. A recent phase II study shows that the PARP inhibitor olaparib has significant 

anticancer activity in patients with mCRPC harboring aberrations in DRG [107]. Also, a 

DNA damage and repair pathway signature could be used as a prognostic signature 

biomarker of long-term outcomes of metastasis-free and OS in high-risk PCa, further 

supporting the important role of this altered pathway in mPCa [108].

Deaths from PCa are often due to bone disease and its complications, and development of 

therapeutics for mCRPC reflects a growing appreciation for the crucial role of cross-talk 

between tumor cells and bone microenvironment in mPCa (reviewed in [109]). Targeting the 

bone microenvironment in metastatic disease, has generally aimed at abnormal osteoclast 

activity. The first agent approved for the management of bone metastases in CRPC patients 

was zoledronic acid (ZA), which reduced skeletal-related events in PCa patients with bone 

metastases, but was ineffective for the prevention of bone metastases in high-risk 

nonmetastatic PCa patients. Denosumab, a fully human monoclonal antibody against the 

receptor activator nuclear kappa B ligand (RANKL) pathway which inhibits osteoclast 

formation, function and survival, was better than ZA for prevention of skeletal-related events 

in men with bone metastases from CRPC. Unfortunately, the administration of these potent 

osteolysis inhibitors reduce the burden of bone metastatic disease and relieve pain, but this 

benefit does not translate in an improvement in survival. Radium-223, an α-emitter that 

leads to irradiation of osteoblastic metastases in a highly localized effect, not only showed 

efficacy in preventing symptomatic skeletal events, but was the first bone-targeted therapy 

associated with a significant OS improvement when used in men with CRPC and bone 

metastases. Trials testing the concomitant administration of radium-223 with ADT 
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(NCT02582749), abiraterone (NCT02043678), enzalutamide (NCT02194842) and docetaxel 

(NCT01106352) are ongoing.

Studies suggest that stromal targeting agents are only modestly effective when used as 

monotherapy in patients with mCRPC. Likewise, blocking angiogenesis with non-hormonal 

agents such as tyrosine kinase inhibitors to inhibit PCa bone metastasis has produced dismal 

results. As the BM microenvironment contains multiple proangiogenic factors and soluble 

cytokines, it may be necessary to block multiple pathways simultaneously and in 

combination with chemotherapy in patients with mCRPC. Cabozantinib, an oral inhibitor of 

multiple receptor tyrosine kinases, failed to improve survival in men with mCRPC [110], but 

the combination of cabozantinib and ADT is currently being tested in a phase 2 study 

(NCT01630590) in men with mCRPC. In a pre-clinical study, one group successfully 

created a gene therapy approach that co-targets cancer and its stromal cells in CRPCs [111]. 

The authors designed a novel human osteonectin promoter (hON-522E) based on the 

observation that human osteonectin is overexpressed in PCa epithelium and in tumor stroma. 

The hON-522E promoter was highly active in AR− mPCa cells and bone stromal cells, but 

not AR+ PCa cells, and thus co-targeted PCa epithelium and bone stroma, effectively 

inhibiting androgen-independent PCa growth [111]. Recent development and use of 3D in 

vitro models of PDXs have been shown to recapitulate important pathological properties of 

PCa bone metastasis and can be used for systematic interrogation of complex in vivo tumor-

stromal interactions [112]. Advances such as these will facilitate the development of 

efficacious bone-targeting therapeutics.

Development of therapeutic resistance is inevitable in mPCa. Approximately half of the men 

diagnosed with mCRPC benefit from treatment with docetaxel but all develop docetaxel-

resistant disease. The prevailing approach to addressing secondary drug resistance in cancer 

focuses on treating the resistance mechanisms at relapse. Acquired docetaxel resistance in 

PCa was linked to a subpopulation of cells in PCa tissues that lacked differentiation markers 

and HLA class I antigens, which were correlated to tumor aggressiveness, poor patient 

prognosis, and displayed potent tumor-initiating capacity [113]. Importantly, suppression of 

the Notch and Hedgehog signaling pathways in these tumor-initiating cells, suppressed 

acquired docetaxel resistance in PCa [113]. Expression of AR splice variant 7 (AR-V7) in 

CTCs from men with mCRPC was associated with primary resistance to enzalutamide and 

abiraterone therapy [114]. An option for men with AR-V7 is the drug galeterone 

(TOK-001), which degrades the AR itself [115]. Interestingly, AR blockade via 

enzalutamide paradoxically enhanced metastasis, mediated by the chemoattractant CCL2 

[116], and a TNFα-CCL2 paracrine loop was induced in response to ADT leading to a 

metastatic phenotype, and might account for some forms of PCa therapy resistance [117]. 

AR gene aberrations in circulating cell-free DNA in patients’ blood are associated with 

resistance to enzalutamide and abiraterone in mCRPC, illustrating the possibility for 

interrogating additional mechanisms [118]. Recent studies have shown that small-molecular 

inhibitors of the PI3K, Akt, and mTOR pathway currently in the clinic, produce reactivation 

of the pathway they are intended to suppress. PI3K antagonists have been shown to drive 

mitochondrial metabolic reprogramming resulting in tumor adaptation, drug resistance, and 

acquisition of metastatic competency in PCa [119].
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The observation of EMT plasticity in cancer presents a challenge for anti-EMT therapeutics. 

Deciphering the full spectrum of intermediate EMT states and how PCa cells make these 

transitions will help define an EMT therapeutic window. A more advantageous option would 

be impeding EMT plasticity by targeting master EMT regulators. EMT plasticity is regulated 

epigenetically through the activity of the chromatin remodeling protein HMGA2, which is 

highly upregulated in tumors from men with mCRPC, suggesting the use of HDAC 

inhibitors [120]. This is important because EMT also confers resistance to mPCa 

therapeutics. EMT mediates docetaxel resistance and high risk of relapse in PCa [121]. 

There is also evidence that androgen deprivation induces EMT in PCa via a ZEB1-AR 

feedback loop, revealing a potentially important consequence of a standard-of-care for PCa 

[122]. Hypoxic stress caused by ADT can also promote EMT and drive selection of more 

malignant PCa tumors [123]. AR splice variants can contribute to PCa aggressiveness 

through induction of EMT and expression of stem cell marker genes [124]. Therefore, 

targeting regulators of these transitions may increase the therapeutic efficacy of ADT. 

Twist1/AR signaling is also augmented in castration resistant as well as mesenchymal-type 

PCa, indicating the molecular mechanism of mutual and functional crosstalk between EMT 

and castration resistance [125]. The EMT master regulator, Snail, promotes enzalutamide 

resistance and mPCa, as a consequence of increased full-length AR and AR-V7 expression 

and nuclear localization, in preclinical models of PCa and in patients [126]. On the other 

hand, ligand-activated AR regulates expression of several key EMT factors whereas 

antiandrogens counteract AR activity only on selected EMT genes [127].

Resistance to targeted therapy in patients with bone metastasis invariably develops likely due 

to the unique tumor microenvironment consisting of new bone formation [128]. A recent 

study indicates that PCa-induced bone provides a ‘resistance niche’ that allows PCa cells to 

survive under cabozantinib treatment and perhaps other targeted therapies [129]. Following 

cabozantinib treatment, only tumor cells positioned adjacent to the newly formed woven 

bone remained viable and expressed high levels of pFAK-Y397 and pTalin-S425, mediators 

of integrin signaling. By combining cabozantinib with FAK inhibitors that target integrins, 

authors observed delayed tumor recurrence in contrast to cabozantinib treatment alone [129]. 

This data suggests that identifying paracrine de novo resistance mechanisms may 

significantly contribute to the generation of a broader set of potent therapeutic tools that act 

combinatorially to inhibit mPCa.

Although very little is known about the immune cell profile in PCa metastases, there are 

noticeable correlations between PCa prognosis and immune infiltrate, pointing to the 

rationale for using immunotherapy for treatment of PCa. Unfortunately, the lack of more 

powerful clinical benefits of therapeutic vaccination may be accredited to the immune 

suppressive tumor microenvironment in mPCa. Although preclinical studies supported the 

antitumor activity of ipilimumab, a humanized monoclonal antibody that binds to cytotoxic 

T-lymphocyte antigen 4 (CTLA4), the subsequent phase 1/2 studies of ipilimumab in 

mCRPC yielded quite disappointing results [130, 131]. However, ipilimumab is currently 

being investigated in combination with a luteinizing hormone-release hormone agonist 

before radical prostatectomy for men with high-risk PCa in a phase 2 trial [93]. Despite 

these trials, immunotherapy for mCRPC remains a ‘premature’ approach. The lack of 

clinical benefits of immunotherapy may also be due to resistance mechanisms. A recent 
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study shows that the PD-1/PD-L1 axis, an effective checkpoint blockade in cancer, increases 

PCa cell resistance to doxorubicin and docetaxel [132]. These findings indicate that 

combinations of chemotherapy and immune checkpoint blockade may limit chemoresistance 

and progression to metastatic PCa disease.

Despite the highly dynamic process of metastasis and the emergence of resistant 

populations, the prevailing approach to addressing drug resistance in cancer focuses on 

treating resistance mechanisms at relapse. The application of mathematical analysis of the 

evolutionary dynamics of tumor populations including tumor microenvironmental influences 

and adaptations to therapeutics in PCa cells, may provide an more optimal treatment strategy 

for mPCa. For example, ‘adaptive therapy’ is an alternative approach in PCa to combat 

tumor cells that have evolutionarily adapted to changing tumor environmental conditions and 

treated by therapeutics. This strategy consists of modifying a continuous treatment in order 

to maintain a fixed population of chemosensitive cells that suppress the growth of 

chemoresistant cells [133]. Indeed, recent work highlights an approach for combining 

extensive drug resistance selection experiments with pharmacological profiles to identify 

novel vulnerabilities during the course of tumor clonal evolution [134].

Conclusions & perspectives

Despite advances in detection and therapy, many facets of mPCa remain unknown. The 

inability to discern between indolent cancer and aggressive PCa tumors leads to many 

inefficient therapeutic regimens, and unnecessary, significant side effects in men. Advanced 

PCa is currently considered incurable. Chemical castration can prolong life by several years 

but almost all tumors become resistant. Drugs designed to treat castration-resistant tumors 

are also facing a resistance problem, and their efficacy is eventually lost in all men. This 

acquired resistance to anti-cancer drugs constitutes important barriers to the successful 

management of cancer. The importance of the tumor microenvironment in promoting PCa 

metastasis has been validated. However, the heterogeneity of both stroma cells and tumor 

cells at different stages of progression vary widely, complicating therapeutics directly 

targeting them. The ability of PCa cells to escape the immune system is also a major 

hindrance. In an ideal situation, the key to an effective treatment for mPCa would target a 

particular mutation or variation in a tumor. In reality, the enormous cellular and molecular 

mechanisms currently defined in mPCa make this scenario unrealistic. These observations 

suggest that preventing metastasis might be easier than attempting to treat it.

The establishment of whole-exome sequencing precision medicine trials of metastatic 

tumors requiring prospective follow-up of patients can aide in understanding molecular 

mechanisms of response and resistance to anticancer therapies, improving decision making, 

and identifying novel biomarkers [135]. Additionally, continuous updates based on emerging 

treatment and disease phenotype data from CRPC clinical trails will move drug development 

closer to unmet needs in clinical practice [136]. Our continued efforts in the development of 

more advanced models, the discovery of novel cellular and molecular determinants of 

metastasis and drug-resistance, paying close attention to ‘stemness’, and a focus on 

combinatorial therapeutics, all within a collaborative scientific environment, are fundamental 

to resolving these issues in the future.
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Figure 1. 
Experimental assays assessing metastasis of human cancer cells. (A) Two major metastasis 

assays. Experimental metastasis assays can be carried out via IC or TV injection leading to 

metastasis in many organs or mainly lung metastasis, respectively. Spontaneous metastasis 

assays can be carried out via ectopic or orthotopic implantation of human cancer cells 

leading to limited vs. widespread metastasis in many organs, respectively. (B) The level of 

metastasis can be qualitatively, semi-quantitatively, or quantitatively assessed depending on 

whether the starting cells are labeled or not. (C) DP-implanted (dorsal prostate) human PCa 

cells show more widespread metastasis than SC-implanted (subcutaneum) PCa cells. 

500,000 PC3-Luc/GFP cells were implanted into the DP or SC in separate NOD/SCID mice. 

Shown are IVIS images taken at week 7 after injection (top panels). Primary tumors are on 

the left and corresponding lung metastasis is on the right for both DP and SC implanted 

mice. Note that DP-implanted PC3-Luc/GFP cells metastasized to the lungs and kidney, 

whereas SC-implanted PC3-Luc/GFP cells did not metastasize. Distant metastases to the 

lung, kidney, spleen/pancreas, liver, and brain in these mice are shown (bottom panels). Note 

that DP-implanted PC3-Luc/GFP cells metastasized to the lung and kidney (AG; adrenal 

gland) whereas SC-implanted cells did not metastasize. The fluorescence emitted from the 

lung was much less than from the kidney and thus the exposure time had to be increased to 

see positivity; however, all other organs remained negative for Luc/GFP expression even 

after this increase. (D) The experiment was repeated in two additional mice in order to 
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confirm that DP-implanted human PCa cells show more widespread metastasis than SC-

implanted PCa cells. (E) 500,000 VCaP-Luc/GFP cells were implanted into the DP or SC in 

NOD/SCID mice. Shown are representative IVIS images of brain, lung, kidney, spleen, 

pancreas, liver, and heart from one mouse 11 weeks post injection. Note that DP-implanted 

VCaP-Luc/GFP cells metastasized to the lungs whereas SC implanted VCaP-Luc/GFP cells 

did not metastasize.
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Figure 2. 
AP-implanted PCa cells metastasize to multiple organs. Shown are representative organ 

images (upper panels, phase; lower panels, GFP) of 1 million Du145-GFP cells (A and B), 1 

million LNCaP-GFP cells (C) and 10,000 (D) or 1 million (E) of PC3-GFP cells implanted 

in the AP of NOD/SCID mice and harvested ~60 days post implantation. Animal tag 

numbers are indicated.
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Figure 3. 
IC-injected PCa cells recovered from end organs formed colonies. Shown are representative 

images of PC3-GFP (A) and DU145-GFP (B) cells cultured (2–3 weeks after plating) from 

the organs indicated. Animals were injected with 100,000 GFP-tagged PCa cells and 

terminated ~4 months post injection. Organs were disaggregated into single cells, which 

were plated and cultured in RPMI1640 containing 7% FBS. The GFP− cells on the 

background in some images are the host cells. Original magnifications, ×200.
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Table 3

Cellular determinants of PCa metastasis.

Cell Role in mPCa Mechanism Ref

PCa Cells PCSC re-initiation of tumor growth 
after dissemination in distant 
organs

CD44+ (xenograft models): 
enhanced clonogenicity, enriched in 
tumor- and metastasis-initiating 
cells

[31]

ALDHhigh (human PCa): enhanced 
clonogenicity, enriched in tumor- 
and metastasis-initiating cells

[32]

TOP2Ahigh metastasis-initiating cells defined by high expression of 
TOP2A, phenotype of recurrent/
mPCa and a marker of rapid 
proliferation, distinct from CSCs (a 
subpopulation of TOP2Aneg cells), 
display a higher frequency of 
abnormal cell divisions due to 
increased aneuploidy formation, 
ability to acquire stemness features 
and generate TOP2Aneg cells

[35]

Epithelial-EMT phenotype a capacity to transition through 
programs endowing properties 
for dissemination and initiating 
metastatic colonies

defined by a transitory state between 
epithelial and mesenchymal 
programs and not a fixed state, 
enhanced stemness characteristics 
and tumor-initiating capacity 
compared to non-EMT epithelial 
cells, only EMT tumor cells have 
the capacity to revert to an epithelial 
state and proliferate to form macro-
metastases (non-EMT epithelial and 
mesenchymal-PCa cells do not)

[42]

EMT-CTC dissemination via circulatory 
system

exist in phenotypic states 
intermediate to epithelial and 
mesenchymal states (i.e. display 
both epithelial and mesenchymal 
markers): epithelial in nature 
allowing an epithelial cell–cell 
adhesion and a mesenchymal 
motility trait

[43]

DTC maintain dormancy and 
stemness in distant organs

target the BM-HSC niche to remain 
dormant and chemoresistant; bind 
osteoblasts to induce the expression 
of TBK1 and inhibit mTOR 
signaling leading to dormancy, 
maintain PCSC attributes

[47,48]

Mitotic quiescence bone metastasis-initiating cells CD133−/CD44+/α2/β1+ phenotype: 
ability to home to bone via high 
expression of CXCR4

[49]

Microenvironment CAF increase oncogenic potential of 
PCa cells

create a niche for PCa cells via 
secreting inflammatory cytokines, 
angiogenic factors, ECM-proteins 
and their proteases, and GFs; 
promote tumorigenesis, EMT, 
cancer stemness, bone metastasis; 
secrete TGF-β to accelerate FGFR1-
driven adenocarcinoma; secrete 
CXCL12, which binds to CXCR4 
on PCa cells and induces EMT thus 
promoting metastasis to secondary 
tumor sites; novel source of GDF15, 
a TGFβ/BMP family pro-metastatic 
GF, which increases PCa cell 
migration, invasion, tumor growth, 
and systemic effects on the 
outgrowth of distant and indolent 
PCa cells; release TGF-β to induce 

[51–56,62,63]
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Cell Role in mPCa Mechanism Ref

FOXP3 expression in CD8+ T cells, 
converting them into 
immunosuppressive T-regs; can 
induce monocyte recruitment via 
SDF-1 and promote monocyte trans-
differentiation toward the M2 
immunosuppressive macrophage 
phenotype

CAM increase oncogenic potential of 
PCa cells

interact with PCa cells and CAFs to 
promote cell motility, escape from 
the primary tumor, enhanced 
malignancy, metastatic spread, and 
activation of endothelial cells and 
BM-derived precursors to drive 
angiogenesis; induce prostate 
tumorigenesis via AR-inflammatory 
cytokine CCL4–STAT3 activation, 
downregulation of p53/PTEN tumor 
suppressors, and promotion of 
EMT; found in CTC clusters to aide 
in invasion and migration via 
modification of the adhesion 
function of integrins interacting 
with laminin 511, and docetaxel 
resistance

[63–65]

MDSC immunosuppression inhibit proliferation of CD8+ T 
cells, display high levels of 
activated STAT3 which induce 
expression and enzymatic activity of 
Arginase-1, a potent T-cell inhibitor

[69]

MC increase oncogenic potential of 
PCa cells

intratumoral MCs negatively 
regulate angiogenesis and tumor 
growth, peritumoral MCs express 
high levels of FGF-2 which may 
contribute to the expansion of PCa; 
enhance PCa invasion and increase 
PCSC populations in ADT-treated 
cells via alteration of LncRNA-
HOTAIR/PRC2-AR-MMP9 signals

[72,73]

B-cell increase oncogenic potential of 
PCa cells

release lymphotoxin to promote 
survival and proliferation via 
activation of IKKα and STAT3 in 
androgen-deprived PCa cells; 
activate the IKKα-E2F1-BMI1 
cascade in PCSCs to induce 
proliferation and tumor recurrence 
in AR-deprived conditions; mediate 
chemotherapy resistance via IL-10 
and PD-L1

[75–77]

BM-MSC increase oncogenic potential of 
PCa cells

produce TGF-β1, leading to MMP-2 
and −3 upregulation in PCa cells; 
produce CCL5 which alters HIF2α 
signaling within PCa cells and 
increases PCSCs and metastasis via 
AR signaling; ability to 
transdifferentiate into CAFs via 
TGF-β1 in the environment to 
increase tumor invasiveness, 
perform vascular mimicry, and 
recruit monocytes

[79,80]

Osteoclast in BM-HSC 
niche

contribute to mPCa growth after 
DTCs establish in the bone

play a role in HSC mobilization and 
osteoclast activation by PCa cells 
releases GFs and cytokines 
sequestered in bone matrix; 
activation is not necessary for the 
earliest seeding of PCa into the HSC 
niche

[47,81]
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Cell Role in mPCa Mechanism Ref

Osteoblast in BM-HSC 
niche

regulate CSC activities of DTCs activate conversion of DTCs to 
PCSCs in the HSC niche via cell-to-
cell contact, expression of GAS6 
and activation of the Mer/mTOR 
pathway

[82]

Adipocyte increase oncogenic potential of 
PCa cells

pre-adipocytes recruited by PCa 
cells to the TME increase PCa cell 
invasion and metastasis via 
modulating miR-301a/AR/TGF-β1/
Smad/MMP9 signals

[83]

adipocytes in periprostatic adipose 
tissue direct PCa cell migration via 
secreting CCL7 which stimulates 
CCR3-expressing PCa cells

[84]

BM adipocytes drive 
osteoclastogenesis via expression of 
CXCL1 and CXCL2 and tumor-
driven osteolysis of the bone; induce 
metabolic reprogramming via 
paracrine signaling with PCa cells 
to induce increased expression of 
glycolytic enzymes via HIF-1α 
activation

[85,86]

Autonomic nerve fibers increase oncogenic potential of 
PCa cells

SNS adrenergic fibers promote 
survival via stromal β2- and β3-
adrenergic receptors, PNS 
cholinergic fibers promote invasion, 
migration, distant metastases via 
nerve ending–derived 
acetylcholine–activated CHRM1

[87]

Abbreviations: ADT, androgen deprivation therapy; ALDH, aldehyde dehydrogenase; AR, androgen receptor; BM, bone marrow; BM-MSC, bone 
marrow derived mesenchymal stem cell; BMP, bone morphogenetic protein; CAF, cancer associated fibroblast; CAM, cancer-associated 
macrophage; CCL, chemokine (C-C motif) ligand; CCR, chemokine (C-C motif) receptor type; CD, cluster of differentiation; CHRM3, cholinergic 
muscarinic receptor 3; CTC, circulating tumor cell; CXCL4, C-X-C motif chemokine ligand type 4; CXCR4, C-X-C chemokine receptor type 4; 
DTC, disseminated tumor cell; EMT, epithelial-mesenchymal transition; FGF-2, fibroblast growth factor 2; FGFR1, fibroblast growth factor 
receptor 1; FOXP3, forkhead box protein P3; GAS6, growth arrest specific 6; GDF15, growth/differentiation factor 15; GF, growth factor; HIF2α, 
hypoxia inducible factor alpha; IFNγ, interferon gamma; IKKα, inhibitor of nuclear factor kappa-B kinase subunit alpha; MC, mast cell; MDSC, 
myeloid-derived suppressor cell; MMP, matrix metallopeptidase; mTOR, mechanistic target of rapamycin; MSC, mesenchymal stem cell; PCSC, 
prostate cancer stem cell; PD-L1, programmed death ligand 1; PNS, parasympathetic nervous system; PRC2, polycomb repressive complex 2; 
PTEN, phosphatase and tensin homolog; SDF-1, stromal cell-derived factor-1 or CXCL12; SNS, sympathetic nervous system; STAT3, signal 
transducer and activator of transcription 3; T-reg, T regulatory cell; TBK1,TANK binding kinase 1; TGF-β, transforming growth factor-beta; TME, 
tumor microenvironment; TOP2A, DNA topoisomerase 2-alpha.
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