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Abstract

Purpose of review—Prostate cancer bone metastasis is the lethal progression of the disease.
The disease frequently presents with osteoblastic lesions in bone. The tumor-induced bone can
cause complications that significantly hamper the quality of life of patients. A better understanding
of how prostate cancer induces aberrant bone formation and how the aberrant bone affects the
progression and treatment of the disease may improve the therapies for this disease.

Recent findings—Prostate cancer-induced bone was shown to enhance tumor growth and
confer therapeutic resistance in bone metastasis. Clinically, Radium-223, an alpha emitter that
selectively targets bone, was shown to improve overall survival in patients, supporting a role of
tumor-induced bone in prostate cancer progression in bone. Recently, it was discovered that PCa-
induced aberrant bone formation is due, in part, from tumor-associated endothelial cells that were
converted into osteoblasts through endothelial-to-osteoblast (EC-to-OSB) conversion by tumor-
secreted BMP4.

Summary—The unique bone-forming phenotype of prostate cancer bone metastasis plays a role
in prostate cancer progression in bone and therapy resistance. Therapies that incorporate targeting
the tumor-induced osteoblasts or EC-to-OSB conversion mechanism may reduce tumor-induced
bone formation and improve therapy outcomes.
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Introduction

Prostate cancer (PCa) when progressed often develops metastasis in bone. Bone metastasis
occurs in approximately 70% of men with advanced prostate cancer (1). Bone marrow is a
favorite fertile soil into which prostate tumors tend to colonize and proliferate (2, 3).
Colonization of prostate tumor cells in bone is frequently associated with tumor-induced
bone lesions. Tumor-induced bone lesions generally arise from an imbalance between bone-
forming osteoblasts and bone-absorbing osteoclasts induced by PCa cells. While bone
metastasis from breast and other cancers frequently induce osteolytic or the bone-lysing
lesions, PCa uniquely induces bone formation. The osteoblastic bone-forming lesions of PCa
bone metastasis could be detected by plain radiograph, bone scan, bone biopsy, and
increased levels of serum alkaline phosphatase. Histology of bone lesions shows that tumor
cells are surrounded by irregular woven bone (4). The woven bone found in the bone
metastases is structurally weak and prone to fracture. The frailty of the tumor-induced bone
is likely due to a heterogeneous mixture of both osteopenic and osteodense lesions (4). The
osteoblastic bone lesions of PCa frequently contain an increased number of activated
osteoblasts in the tumor-induced bone (5). These observations suggest a close interaction
between prostate tumor cells and osteoblasts.

Tumor-induced bone enhances PCa progression in bone

Osteoblasts have been shown to contribute to prostate tumor growth in bone. Zhang et al. (6)
showed that physical contact of osteoblasts with tumor cells promoted proliferation of
prostate tumor cells in vitro. In addition, Li et al. (7) reported that osteoblasts could
stimulate PCa cell growth in co-culture models. In the in vivo setting, Gleave et al. (8) co-
inoculated athymic mice with human PCa cells LNCaP with human bone fibroblasts and
found that bone fibroblasts were able to induce LNCaP tumor formation in vivo.
Furthermore, Sung et al. (9) showed that co-injection of bone stromal cells and human PCa
cells enhanced prostate tumor growth in mice.

MDA-PCa-118b (PCa-118b) is a patient-derived xenograft (PDX) generated from
osteoblastic bone lesions (10). Li et al. (10) demonstrated that mice treated with neutralizing
antibody against FGF9, one of the factors secreted by MDA-PCa-118b, reduced tumor-
induced bone formation and also resulted in smaller tumors. Lee et al. (11) identified that
MDA-PCa- 118b cells also secrete BMP4 together with other factors. They found that
blocking the BMP receptor activation in osteoblasts with LDN-193189, a BMP receptor
inhibitor, reduced the growth of PCa-118b tumors in mice (11). These findings provide
support that tumor-induced osteoblasts/bone increase prostate tumor growth in bone.

How tumor-induced osteoblasts/bone support tumor progression in bone is still unclear.
Sung et al. (9) showed that co-cultures of human PCa cells with bone marrow stromal cells
in three-dimensional culture stimulated stromal cell expression of extracellular matrix
proteins versican and tenascin and chemokine ligands CXCL5 and CXCL16. Ozdemir et al.
(12) investigated the transcriptome changes that occurred in the stroma compartment of
bones xenografted with human C4-2B or VCaP PCa cells and identified a set of transcripts,
including PTN, EPHA3 and FSCN1, which were upregulated in mouse stromal cells.
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Whether these stromal secreted factors provide a support for PCa cells in bone remains to be
examined.

Taken together, tumor-induced osteogenesis promotes tumor growth. Hence, interfering with
PCa-induced bone-formation should be integrated into the therapy for PCa bone metastasis.
The bone-targeting radionucleolide, radium-223 (Ra223), has been shown to improve overall
patient survival in the treatment of PCa bone metastasis (13), providing the support for a role
of tumor-induced bone in PCa progression in the clinical setting.

Tumor-induced bone confers de novo therapeutic resistance in metastatic

prostate cancer

Although several targeted therapeutic treatments have improved the survival of patients with
bone metastasis (14-16), resistance to the targeted therapy develops and significantly
reduces the survival of PCa patients (17). Cabozantinib, an oral multikinase inhibitor with
potent activity against Met and VEGFR2 (18-22), was used to treat PCa bone metastasis in a
phase 11 clinical trial (18, 20). One of the striking observations was that cabozantinib
treatment led to a decrease in the bone scan and alkaline phosphatase activity (18). However,
cabozantinib failed in phase 11 trial for PCa bone metastasis (19). This is possibly due to the
toxicity from high doses of cabozantinib that led to treatment cessation and tumor recurrence
(19). The tumor-induced bone was shown to provide one of the resistance mechanisms to
therapies. Studies by Lee et al. (23) showed that tumor cells resistant to cabozantinib
treatment resided in a niche adjacent to tumor-induced bone. They further showed that
osteoblasts present in the tumor-induced bone secreted osteocrines, many of which are
integrin ligands that activate integrin signaling in PCa cells. Because integrin activation
plays a key role in PCa cell survival, and integrin activation has been associated with
resistance to chemotherapy, radiography and targeted treatments (24-27), osteocrine-
induced integrin activation may increase cell survival. Indeed, Lee et al. (23) found that
resistant tumor cells expressed high levels of pFAK and pTalin, mediators of integrin
signaling, and inhibition of FAK activity with FAK inhibitors, PF562271 or VS-6063,
reduced the survival of prostate tumor cells after cabozantinib treatment. Thus, prostate
tumor-induced bone provides one of the de novo therapy resistance mechanisms (Figure 1).

Osteoblastic factors secreted from metastatic prostate cancer cells

PCa cells may secrete factors to increase osteoblast activity. Using osteogenic PCa cells, a
number of proteins secreted by tumor cells have been identified as candidate factors that
promote osteoblastic activity. These candidates include BMPs (11, 23, 28-30), TGFB (31),
and Endothelin-1 (ET-1) (32). Indeed, the PCa-118b PDX that exhibited strong bone
forming activity (10, 11), secreted factors that belong to the BMP/TGFp and FGF family of
proteins to affect osteoblast proliferation and differentiation (10, 11,31, 33). Lee et al. (11)
showed that the BMP4 secreted by PCa-118b cells acted as a paracrine factor to stimulate
osteoblast differentiation, resulting in tumor growth. Their studies also found that PCal 18b
tumor secreted high levels of TGF2, which can activate TGFp signaling in osteoblasts and
endothelial cells. Since TGFB2 is known to promote epithelial-to-mesenchyme transition
(EMT), TGFp2 secreted from PCa-118b cells may function as an autocrine factor leading to
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EMT of tumor cells as well as a paracrine factor that modulates the properties of tumor-
associated fibroblasts, osteoblasts and endothelial cells. Li and colleagues (10) showed that
FGF9 secreted by PCa-118b induced osteoblast proliferation and promoted the osteoblastic
phenotype of PCa-118 tumor. PCa-118b cells also express FGF19 and FGF3, both of which
exerted autocrine as well as paracrine effects on tumor cells and stromal cells (31).

Besides BMP/TGFB and FGF family proteins, PCa-118b cells are found to secrete CXCLL.
Because PCa-118b does not express CXCR2, the receptor for CXCL1, CXCL1 likely exerts
a paracrine effect in the metastatic tumor microenvironment in bone. Lee et al. (31) showed
that CXCL1 stimulated Erkl/2 phosphorylation in osteoblasts, suggesting a role in osteoblast
proliferation and/or differentiation. Together, these observations suggest that PCa cells
secrete many factors that may enhance osteoblast proliferation and/or differentiation to
contribute to metastatic PCa progression in bone.

Osteoblastic factors in extracellular vesicles from metastatic prostate

cancer cells

Tumor cells can also release extracellular vesicles (EVs), which are circular membrane-
enclosed particles with sizes from 30 nm to 10 um (34), to communicate with cells in their
microenvironment. Exosomes, the smallest EVs of 30—-150 nm particles released from the
endosomal compartment of most living cells, are the best-characterized EVs. Exosomes
carry a variety of cytoplasmic proteins, nucleic acids and lipids, which reflect both the
identity and internal condition of the cell of origin. Exosomes have been shown to mediate
intercellular communication through the exchange of intracellular information between cells
that leads to physiological and/or pathological changes in the recipient cells. Cancer cell-
derived exosomes have been shown to facilitate communication between the cancer cells and
the microenvironment to support tumor growth (35-37). In PCa, Hashimoto et al. (38)
identified a cluster of eight miRNAs in the exosomes released by several human PCa cell
lines that induce osteosclerotic lesions. In particular, exosomal miR-940 could induce the
osteogenic differentiation of mesenchymal stem cells by targeting ARHGAP1 and
FAM134A. This study demonstrated that cancer-secreted miRNAs, transferred via
exosomes, are capable of modifying the tumor microenvironment and stimulating bone-
formation. Hence, exosomes also play a role in the intercellular communication between
PCa cells and osteoblasts.

EC-to-OSB conversion as a novel mechanism of prostate tumor-induced

osteogenesis

Because osteoblast progenitors exist in the bone marrow, it has been generally assumed that
the PCa-induced bone results from the activation of nearby, existing osteoblast precursors
(39). However, histological analyses of osteoblastic metastases of PCa by Roudier et al., (4)
revealed that early new bone formation did not occur from the adjacent bone surface, but
rather in the tumor stroma (4). They found that the stroma contains spindle-shape cells that
produced osteoid directly in the vascularized connective tissue within the tumor, suggesting
that PCa- induced new bone may be derived from distinct stromal components. In the
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osteogenic PDX PCa-118b, PCa-118b not only can generate bone formation when implanted
into mouse femur but also can induce ectopic bone formation when injected subcutaneously
(10, 11). Because osteoblasts are not normally present in the subcutaneous site, these
observations together with those from Roudier et al. (4) suggest that osteoblasts in PCa bone
metastasis may be derived from cell types other than osteoblasts.

We recently demonstrated that endothelial cells are one of the sources of tumor- associated
osteoblasts in PCa-118b tumor. We found that PCa-induced osteoblasts in the PCa- 118b
PDX as well as in human PCa bone metastasis specimens co-expressed the osteoblast (OSB)
marker osteocalcin and the endothelial cell (EC) marker Tie2 (40). We named these tumor-
associated intermediate cell type as EC-OSB hybrid cells. These observations suggest that
PCa tumor-induced osteoblasts may be derived from Tie2-expressing endothelial cells,
which underwent an intermediate cell type conversion before becoming mature osteocalcin-
expressing osteoblasts. Following treatment by BMP4, the tumor-derived endothelial cell
line 2H11 was induced to express bone-specific markers, including osterix and osteocalcin,
supporting that BMP4 induces EC-to-OSB conversion in vitro (40). Furthermore, when we
expressed BMP4 in the non-osteogenic PCa cells C4-2b, C4-2b-BMP4 cells were found to
stimulate ectopic bone formation when inoculated subcutaneously. In an /7 vivo lineage
tracing study, in which genetically-engineered mice (77e2¢"¢/Rosa?70mato) expressing red
fluorescence protein in Tie2- lineage endothelial cells were used for tumor inoculation, we
found that injection of BMP4- expressing PCa cells (TRAMP-BMP4) in the mouse femurs
led to increased bone formation. The osteoblasts rimming the tumor-induced bone were
found to express red fluorescence protein (40), consistent with the notion that osteoblasts in
bone metastases are derived from a Tie2- expressing endothelial precursor. The role of EC-
to-OSB conversion in PCa-induced osteogenesis was further addressed by using a trigenic
mouse (Tie2¢"¢/Osxflox/flox/ggscidiscidy \yith deletion of osterix (Osx), a transcription factor
that controls the development of osteoblast lineage, in the endothelial cells (40). The tumor-
induced ectopic bone formation was significantly decreased when compared to control mice
without endothelial-specific deletion of osterix (40). The tumor size was also decreased (23),
consistent with previous observations that PCa induced bone formation influences tumor
growth. Taken together, these data support that tumor-induced osteoblasts in the PCa bone
lesions are, at least in part, derived from tumor- associated endothelial cells through EC-to-
OSB transition (Figure 2).

Osteolytic components in prostate cancer bone metastasis

While PCa skeletal metastases have an overall bone-forming phenotype, the clinical
presentation of PCa bone metastasis suggests that this disease also carries an osteolytic
component (41, 42). Because osteoclast and osteoblast activities are coupled during bone
remolding, it is likely that there is an interplay between bone destruction and bone formation
in prostate tumors (43). It has been shown that patients with PCa bone metastasis show
elevated markers of osteoclast activity, including pyridinoline-crossed-linked peptides and
deoxypyridinoline-crossed-linked peptides (44-46), and high levels of the bone resorption
marker N-telopeptide of type | collagen in their urine (47). Because androgen depletion
therapies frequently lead to osteoporosis, the elevated markers of osteoclast activity seen in
patients with PCa bone metastasis may be in part due to hormone blockade therapy.

Curr Osteoporos Rep. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 6

Histomorphometric quantification of bone biopsy showed that the eroded surfaces within
metastases were greater but the presence of abnormal woven bone gave an overall
appearance of sclerosis (48). Thus, PCa bone metastasis showed disturbance of bone
formation and resorption within metastases. However, a randomized, double-blind study
comparing denosumab versus zoledronic acid for the treatment of bone metastases in men
with castration-resistant prostate cancer (49) suggest that interfering with the osteolytic
components of prostate cancer bone metastasis was not sufficient to alter the biology of the
osteoblastic bone metastasis of prostate cancer. Thus, targeting the osteoblastic bone lesions
that play a role in PCa progression in bone may be a more promising therapeutic approach.

Strategies to treat tumor-induced osteoblastic bone lesions

Currently, bone metastases remain incurable and therapies are mainly for the prevention of
skeletal-related events as well as pain management. Samarium-153 and strontium-89 have
been previously used to reduce bone pain in patients with bone metastasis (50-52). Rad-223,
an alpha-emitter, was the first bone-targeting radionuclide successfully used to prolong life
for a median of a few months when administered as a single agent (13). The improvement of
Rad-223 in the treatment of PCa bone metastasis further supports a role of tumor-induced
bone in PCa progression. Because Rad-223 does not cause marrow toxicity (13, 53, 54), its
combination with chemotherapy or other agents that target tumors are expected to improve
therapy outcomes for bone metastasis.

Because EC-to-OSB conversion has been identified as one of the mechanisms that confer the
osteoblastic phenotype in PCa bone metastasis, therapies that block EC-to-OSB conversion
will likely constitute a promising strategy for reducing tumor-induced bone. Identification of
the mechanisms underlying such a cell type switch will be critical for developing strategies
to interfere with this conversion during bone metastasis.

Conclusions

The tumor-induced bone by metastatic PCa provides a unique tumor microenvironment that
not only supports tumor growth but also causes resistance to therapies. Continued efforts in
the discovery of cellular and molecular determinants in the bone microenvironment, together
with a focus on combinatorial therapeutics, are fundamental to improving therapies for bone
metastasis.
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Figure 1. Therapy resistance from prostate tumor-induced bone.
PCa cells secrete factors that increase new bone formation. Osteoblasts in the new bone

produce factors (osteocrines). Some of the osteocrines activate integrin signaling in PCa
cells, resulting in phosphorylation of FAK-Y397 and Talin-S425, which leads to therapy
resistance. Inhibition of FAK activity decreases therapy resistance. This figure was reprinted
from Lee et al with permission from American Association of Cancer Research (23).
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Figure 2. Tumor-induced osteoblastsin the PCa bone lesions are derived from tumor- associated
endothelial cellsthrough EC-to-OSB transition.

PCa cells secrete factors, e.g. BMP4, which induce endothelial cells to transition into
osteoblasts. The EC-to-OSB conversion is one of the mechanisms for the characteristic
osteoblastic bone lesion of PCa. This figure was reprinted from Lin et al with permission
from Developmental Cell (40).
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