
Prostate Cancer and Parasitism of the Bone Hematopoietic Stem
Cell Niche

Chunyan Yua,d, Yusuke Shiozawab, Russell S. Taichmanb, Laurie K. McCauleyb, Kenneth J.
Pientac, and Evan T. Kellera,*

aDepartment of Urology, School of Medicine, University of Michigan, Ann Arbor, MI
bDepartment of Periodontics and Oral Medicine, School of Dentistry, University of Michigan, Ann
Arbor, MI
cDepartment of Internal Medicine, School of Medicine, University of Michigan, Ann Arbor, MI
dTianjin Key Laboratory of Cellular and Molecular Immunology; Key Laboratory of Educational
Ministry of China;Department of Immunology, School of Basic Medical Sciences, Tianjin Medical
University, Tianjin, China

Abstract
A subpopulation of men that appear cured of prostate cancer (PCa) develop bone metastases many
years after prostatectomy. This observation indicates that PCa cells were present outside of the
prostate at the time of prostatectomy and remained dormant. Several lines of evidence indicate that
there are disseminated tumor cells (DTCs) in the bone marrow at the time of prostatectomy. DTCs
parasitize the bone microenvironment, where they derive support and impact the
microenvironment itself. These DTCs appear to be a heterogeneous population of PCa cells;
however, some of them appear to have some aspects of a cancer stem cell (CSC) phenotype as
they can develop into clinically detectable metastases. The concept of CSC is controversial;
however, several markers of CSC have been identified for PCa, which may represent cells of
either basal or luminal origin. These DTCs have now been shown to compete for the
hematopoietic stem cell niche in bone, where they may be placed in a dormant state. Interaction
with a variety of host factors, including cytokine and cells, may impact the metastatic
development and progression, including the dormant state. For example, myeloid cells have been
shown to impact both the premetastatic niche and established tumors. Understanding the concepts
of how PCa successfully parasitizes the bone microenvironment is paramount toward identifying
therapeutic candidates to prevent or diminish PCa bone metastases.
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I. INTRODUCTION
Mr. Z. is a 63-year-old man. Seven years ago, he was diagnosed with a moderately
differentiated, localized prostate cancer (PCa) when he presented for a routine physical
exam, and was found to have a prostate-specific antigen (PSA) blood test of 4.1 ng/ml.
Digital rectal exam revealed no abnormalities, but prostate ultrasound and biopsy revealed a
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Gleason 3 + 3 = 6 cancer in 4/12 biopsy cores (clinical stage T1cNxMx). Because Mr. Z.
was in otherwise excellent health, he chose to undergo a radical retro-pubic prostatectomy,
and his prostate was removed. All of his lymph nodes were negative for cancer. By all
clinical and pathologic predictors, he was considered to be cured of his disease. One year
ago, Mr. Z.’s PSA became detectable and he now has two lesions present on bone scan. He
has metastatic PCa, and his disease is now incurable.

Each year, ~40,000 men who “should” have been cured of their PCa by surgery or radiation
therapy present with incurable metastatic disease that will manifest itself as metastatic
lesions in the bone, usually years after primary treatment. The best explanation for this is
that the dissemination of tumor cells to the bone microenvironment before surgery or
radiation eradicated the primary tumor. Currently, there are no effective therapies for
disseminated tumor cells (DTCs) that then become clinically evident metastases.
Understanding the process of cancer metastasis continues to fascinate and frustrate cancer
biologists and clinicians. How circulating tumor cells (CTCs) traffic to the bone, and how
DTCs become dormant and ultimately overcome dormancy to proliferate, remain open and
critical questions. In this review, we will discuss potential mechanisms that attract PCa to
bone and allow them to establish footholds and thrive in the bone microenvironment.

II. CIRCULATING TUMOR CELLS AND DISSEMINATED TUMOR CELLS
In 1889, Stephen Paget observed distinct metastatic patterns of 735 breast cancer patients.
He found that breast cancer had a high propensity to spread to certain secondary sites, such
as the marrow, while growth in other secondary sites was less common. This led him to
hypothesize that metastatic cells or “seeds” must fall on “congenial soil.”1 Since that time,
cancer researchers have expanded on these studies in an attempt to understand the biology of
metastasis and identify biomarkers for diagnosis and prognosis as well as targets for
therapeutic intervention. Primary tumors are known to interact with a diverse population of
nonmalignant cells, forming a tumor ecosystem.2 An ecosystem is defined as “any unit that
includes all of the organisms (the biotic community) in a given area interacting with the
physical environment so that a flow of energy leads to clearly defined biotic structures and
cycling of materials between living and nonliving components is an ecological system.”3

Using the ecosystem paradigm, cancer cells, growing in an organ, can be considered to be a
species coexisting in a complex habitat with other host cells. Cancer cells and host cells,
interacting within their habitat, create an ecosystem that exists within the larger environment
of the patient. The ecological principles can be applied to understanding tumor biology and
metastasis.3,4

Invasive species and their impact on local environments as well as the global ecosystem
have been well documented.5–8 Invasive species begin as a native population within a
community of organisms, then either migrate or are transported to a new environment/
ecosystem.5 In this new environment, the invader either dies off or enters a period of time
during which it establishes itself (lag period). The species then begins to spread, and disrupts
the ecosystem as a whole. Successful invasive species have biologic traits that include rapid
proliferative capacity, adaptation to environmental stress (phenotypic plasticity), and high
tolerance to environmental heterogeneity.9–11

The life cycle of invasive species is directly analogous to the study of cancer metastasis.4–11

Cancer must grow in a primary organ, extravasate, and survive in the circulation, and then
intravasate at a target organ (invasive species’ survival in transport). Cancer cells are
believed to lay dormant at their metastatic site for a long period of time (lag period) before
proliferating (invasive spread). Proliferation in the new site has an impact on the target
organ microenvironment (ecological impact) and eventually the human host (biosphere
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impact).11–13 Understanding how prostate cancer cells invade the bone marrow, establish
themselves, and then either lay permanently dormant or eventually proliferate and naturalize
to become the dominant species in the bone marrow ecosystem is of paramount importance.

It is clear that primary clinically localized PCas shed tumor cells into the circulation.14 In a
recent study of 228 men with elevated PSA who were undergoing a biopsy for suspected
PCa, 29% of the biopsies were positive for PCa and 86% of these men had CTCs. In
landmark studies by Vessella and colleagues, they assessed CTCs and DTCs in patients
undergoing surgical treatment for their clinically localized prostate cancer.15,16 Prior to
surgery, the investigators detected PSA-expressing epithelial cells in ~50% of bone marrow
aspirates (DTCs) and 24% of peripheral blood samples (CTCs). Even at a median time of
four months after prostatectomy, PSA-expressing cells were detected in 33% of bone
marrow samples and 9% of blood samples from men without evidence of disease,
suggesting a continued population of tumor cells present in the host patient. In men more
than five years after prostatectomy, DTCs were detected in almost 30% of the men (four of
14 men). Two of these men had no evidence of clinical disease, and two of these men had
developed disease recurrence.

This data has been corroborated by other investigators. Gao and colleagues detected PSA-
expressing cells by RT-PCR PSA assays in bone marrow of 51 of 116 patients undergoing
prostatectomy for treatment of presumed localized disease (44.0%).17 Twenty-five men
(49%) had organ-confined disease, and 26 (51%) had non–organ-confined disease at the
time of surgery. Hauntingly, detection of DTCs was not associated with age, race, grade,
pretreatment PSA, clinical stage, or margin status. This suggests that the presence of DTCs
was independent of every classic prognostic predictor in the field. The investigators did find,
however, that the presence of DTCs was associated with disease recurrence. The two-year
disease-free survival was 97% in RT-PCR negative patients versus 78% in RT-PCR positive
patients (p = 0.054).

While it is yet to be proven, it is generally believed that a subset of CTCs survive the
circulation and take up residence in the bone marrow as DTCs.18–20 Importantly, DTCs have
been shown to express genetic heterogeneity, implying that the populations of cells that
clonally expand into overt metastases is selected early in the dissemination process.(21 It is
plausible that the selected DTCs have cancer stem cell (CSC)–like phenotypes, indicating
that an understanding of prostate CSC may be important to identify effective therapies
against PCa.

III. PROSTATE CANCER STEM CELLS
CSCs have been suggested to account for chemoresistance, radioresistance, and tumor
dormancy and metastasis. The concept of CSC was introduced more than 50 years ago when
it was recognized that only a small proportion of cells (0.01%–1%) in tumor isolates are
clonogenic and extensively proliferative in vitro and in vivo, 22,23 indicating that these cells
might represent tumor stem cells. The CSC hypothesis has recently been revitalized due to
the development of novel methods for identification, purification, and characterization of
normal stem cells. Although no consensus definition of a CSC exists, a general descriptor is
“a cell within a tumor that possesses the capacity to self-renew and to cause the
heterogeneous lineages of cancer cells that comprise the tumor.”24 There is sufficient
complexity in the CSC field to suggest the CSC do not adhere to any rigorous definition, and
instead the concept of a tumor-initiating cell (TIC) should be considered. The TIC, while
similar to CSC, may not need to strictly adhere to the self-renewal properties and ability to
recapitulate all tumor cell types.
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A. Origin of Prostate CSCs
The origin of prostate CSCs is controversial, and in fact they may represent different tissue
components of the prostate. However, the cell of origin is highly relevant for the prostate
CSCs since different cells of origin may generate clinically relevant subtypes with different
prognosis and outcome. In breast cancer, different tumor subtypes have been proposed to
originate through transformation of different progenitors within the mammary epithelial
lineage hierarchy.25 There are two possible cell-of-origin resources in PCa, namely, basal
cell of origin and luminal cell of origin.

Basal cells express multiple molecules that regulate stem cell self-renewal and survival, such
as p63, hTERT, and Bcl-2,26,27 and additionally express stem cell markers including CD44,
CD49f, CD117, CD133, Tert, and p63.28 Thus, the prostate basal cell layer has been
hypothesized to harbor stem cells.29,30 Multiple lines of evidence support this possibility.
For example, basal prostate CSCs with a CD44+α2β1integrinhighCD133+ phenotype were
successfully isolated from human PCa biopsies. 31 Mouse Lin−Sca-1+CD49fhigh cells
correspond to a predominantly basal population, and can differentiate into luminal cells in
grafts.32 Basal Lin−Sca-1+CD49fhigh cells have the capacity to form tumorlike spheroids in
vitro and grafts in vivo.33 Deletion of Pten in Pten-null mice is associated with an increase
in p63+ basal cell numbers and the expansion of a prostate stem/progenitor–like
subpopulation and consequent tumor initiation.34 The strongest tumor-initiating fraction
where <100 cells are required to initiate new tumor growth in immune-compromised mice
has been confirmed to have a basal phenotype.35 A study with FACS-sorted primary cells
showed that basal cells, but not luminal cells, are the cells of origin for PCa.36,37 Basal cells
from primary benign human prostate tissue can initiate prostate cancer in immunodeficient
mice.36 The recurrent gene fusions of the 5’ untranslated region of TMPRSS2 to ERG or
ETV1 in PCa tissues with outlier expression was identified by Tomlins et al.,38 TMPRSS2–
ERG is expressed in CD44+α2β1integrinhighCD133+ cells from prostate tumors,39 which
supports the hypothesis that the cell of origin of PCa is a basal stem cell.35 Recently,
Rajasekhar et al. identified a small population of TRA-1-60+/CD151+/CD166+ TICs isolated
from human prostate xenograft tumor. These stemlike sphere cells do not express AR, PSA,
or CK18, and are of basal epithelial–like cell type based on the expression of E-cadherin,
CK5, and SOX9, and lack of expression of markers of myoepithelial cells (smooth muscle
actin), mesenchemal cells (vimentin), and neuroendocrine cells (synaptophysin). However,
these sphere cells also lack detectable expression of basal cell enriched p63 and its polarity
associated zonula occludens-1(ZO-1).40 Thus, there is a strong line of evidence that many
prostate CSCs are derived from basal cells. However, evidence has also accumulated for
luminal-cell-of-origin prostate CSC.

Recent studies have provided support for the luminal cell-of-origin theory for prostate CSC.
For instance, in Pten knockout mice, single pAkt+ cells in the luminal epithelial cell layer
overexpressed CK8, Sca-1, Tacstd2, and Clu, whereas basal epithelial cells were always
pAkt−.41 Importantly, Clu+Tacstd2+Sca-1+ progenitor cells, which are candidate TICs, were
detected in the luminal epithelial cell layer of normal prostates (41). The initial hyperplastic
cells were all luminal as well.41 Genetic lineage marking demonstrates that rare luminal
cells that express Nkx3.1 (androgen/AR–regulated transcriptional coactivator) in the
absence of testicular androgens (castration-resistant Nkx3-1–expressing cells—CARNs) are
bipotential and can self-renew in vivo, and single-cell transplantation assays show that
CARNs can reconstitute prostate ducts in renal grafts.42 Functional assays of Nkx3.1 mutant
mice in serial prostate regeneration suggest that Nkx3.1 is required for stem cell
maintenance. Furthermore, targeted deletion of Pten in CARNs leads to high-grade PIN and
rapid carcinoma formation after androgen-mediated regeneration. These observations
indicate that CARNs represent a new luminal stem cell population that is an efficient target
for oncogenic transformation in prostate cancer.42
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The origin of PCa and the cell type of origin remains controversial in part because distinct
functional assays were employed. Furthermore, because PCa is a very heterogeneous
disease, it is plausible that different PCas are derived from different originating cell types.

B. Putative Markers of Prostate CSCs
Prostate CSCs express a number of the same markers as prostate stem cells, such as CD44,
CD133, integrins, breast cancer–resistance protein (BCRP), and Sca-1, all of which have
been utilized to identify prostate CSCs or prostate stem cells.

CD44 has been proven to be a candidate marker for normal prostatic epithelium stem cell
and prostate CSCs.26 CD44+ PCa cell population is enriched in tumorigenic and metastatic
progenitor cells. CD44+ PCa cells are more proliferative, clonogenic, tumorigenic, and
metastatic than the isogenic CD44− PCa cells.43 CD44+ PCa cells have been evaluated with
a series of characteristics43: possess certain intrinsic properties of progenitor cells;
colocalize with a population of intermediate label-retaining cells; express higher mRNA
levels of several “stemness” genes including Oct-3/4, Bmi, β-catenin, and SMO; generate
CD44− cells in vitro and in vivo. CD44+ PCa cells, which are androgen receptor (AR−), can
differentiate into AR+ tumor cells. A very small percentage of CD44+ PCa cells appear to
undergo asymmetric cell division in clonal analyses.43 CD44+/CD24− LNCaP cells could
form prostaspheres in vitro.44 CD44+/CD24− cells form colonies in soft agar and form
tumors in NOD/SCID mice when as few as 100 cells are injected.44 Interestingly, expression
of CD44 is associated with cells of NE phenotype, which is of significance in therapy
resistance and tumor recurrence. 45 Long-term maintained sphere-propagating DU145 cells
with stemlike properties are also enriched with CD44, CD24, and integrinα2β1.46 All of the
above evidence confirms that CD44 is a prospective marker for prostate CSCs.

CD133 has been proposed to be a putative surface marker in a number of tumors, as
mentioned above. Collins et al. found only tumor-derived CD133+ cells were capable of
self-renewal and extensive proliferation (31). CD133+ cells, enriched in the CD44+

integrinα2β1high basal population and representing ~0.75% of basal cells, were shown to
possess a high in vitro proliferative potential and are able to reconstitute prostaticlike acini
in ~20% recipient nude mice.47 However, the CD133− cell population also contained
clonogenic cells and the prostaticlike acini were not very typical structures.47 In DU145
cells, the clones formed by CD44+ integrinα2β1highCD133+ subpopulation are remarkably
different morphologically and quantitatively from those formed by integrinα2β1−/low

CD133− cells, and CD133+ cells have the capacity of self-renewal, extensive differentiation
potential, and high proliferative and tumorigenic potential.48 Within a series of AR+ human
PCa cell lines including LAPC-4, LNCaP, and CWR22Rv1 cells, CD133+ cells are present
at a low frequency, self-renew, express AR, generate phenotypically heterogeneous progeny
negative for CD133, and possess an unlimited proliferative capacity.49 However, other
investigators found that CD133 was only expressed in DU145 cells, except for DuCaP,
LAPC-4, CWR22Rv1, LNCaP, and PC3 cells, and considered CD133 selection does not
enrich for stemlike cells in PCa cell lines.50 This variance may be caused by the application
of different antibodies to CD133.

ALDH is an enzyme involved in intracellular retinoic acid production.51 In prostate CSCs
studies, the high expression of ALDH1A1, a member of the ALDH family, was found to be
positively correlated with Gleason score and pathologic stage, and inversely associated with
overall survival and cancer-specific survival of the patients, indicating ALDH1A1 could be
a potential prostate CSC-related marker .52 The ALDHhi cells have greater in vitro
proliferative potential than cells with low ALDH activity, and high levels of ALDH activity
might be a functional marker of murine prostate stem/progenitor cells.53 Van den Hoogen et
al. successfully used high ALDH activity to identify tumor-initiating PCa cells and
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metastasis54: ALDHhi PCa cells not only display enhanced clonogenicity and migration in
vitro, but also show enhanced tumorigenicity and metastatic ability in vivo. These cells
demonstrate increased metastatic ability in vivo as well.54 We have shown that ALDH
activity indicates increased tumorigenicity, but not a CSC phenotype, in PCa cell lines.55

We found that ALDHhi CD44+ cells exhibit a higher proliferative, clonogenic, and
metastatic capacity in vitro and demonstrate higher tumorigenicity capacity in vivo than
ALDHlo CD44-cells. However, ALDHlo CD44− cells were able to develop tumors, albeit
with longer latency periods.55 The conflicts among the different studies may be caused by
different cell lines utilized in different groups and by the complexity and diversity of PCa
cell lines. Clonally derived holoclones are thought to contain self-renewing stem cells,
whereas meroclones and paraclones consist of transit amplifying cells.56 Isolation of
ALDHhi PC3 cells enriches for the most primitive holoclone population.57 Therefore,
ALDH activity is a promising surface marker for prostate CSCs in clinically derived tissues.
Regardless of the origin and/or markers that define prostate CSC, it appears that the majority
of these cells become dormant as they take up residence in the hematopoietic stem cell
(HSC) niche, awaiting to be awakened by genetic instability and pressures from the bone
marrow microenvironment.

IV. THE HEMATOPOIETIC STEM CELL NICHE
The process of blood cell formation by which the pluripotent HSCs give rise to all blood
cells is known as “hematopoiesis.” Blood cells first arise in the yolk sac from two to three
weeks’ gestation to eight weeks’ gestation. Subsequently, the fetal liver serves as the major
site of hematopoiesis from five to six weeks’ gestation through six months’ gestation.
Thereafter, bone marrow begins hematopoiesis at seven months’ gestation and takes over the
responsibility for blood cell formation by birth. Bone marrow is a soft fatty tissue that
consists of the cellular components, including fibroblasts, osteoblasts, osteoclasts,
reticulocytes, endothelial cells, adipocytes, mesenchymal stem cells (MSCs), and the cells of
hematopoietic origin, as well as the vascular compartment. Recent studies have revealed that
nonhematopoietic cells serve as the microenvironment for HSCs in the marrow to regulate
hematopoiesis.58–66 That microenvironment is referred to as the “HSC niche.”

The concept of the HSC niche was first proposed in 1978,67 because surrounding supportive
cells regulate the behaviors of adult stem cells. Within the niche, HSCs are capable of
maintaining their self-renewal and pluripotency. To the contrary, HSCs differentiate
irreversibly into progenitor cells when they detach from the niche. Intriguingly, more recent
study has suggested that the HSC niche also contributes to the development of hematologic
disease,68 further suggesting that the fate of HSCs depends directly on the niche. Despite
vigorous debates about the anatomical location of the HSC niche,69,70 the bone marrow
HSC niche is considered to be dominated by two main cellular components, i.e., the
osteoblastic niche59–62 and endothelial niche,63 while the participation of other cell types
has also been described.64–66 It is suggested that the osteoblastic niche maintains the
quiescent of HSCs, whereas the endothelial niche regulates the proliferation and
differentiation of HSCs.69,71

In 1994, the role of human osteoblasts in the maintenance of HSCs in an ex vivo culture
system was first proposed.58 About a decade later, the hypothesis that osteoblasts are a
crucial component of the HSC niche was confirmed using animal models.61,62 When the
number of osteoblasts was increased by genetically upregulating the receptor for parathyroid
hormone (PTH) on osteoblasts, the enhancements of hematopoiesis through Notch/Jagged1
pathway were observed.61 Likewise, when the number of N-cadherin–positive osteoblasts
was increased by genetic knockdown of the bone morphogenetic protein (BMP) receptor
1A, the number of HSCs was significantly increased.62 To the contrary, hematopoiesis was
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dramatically impaired following the decline of HSCs when the osteoblastic niche in
Col2.3Δ-TK transgenic mice was selectively depleted with ganciclovir,72,73 Although many
molecules are likely to be produced in the osteoblastic niche that regulate hematopoiesis
either positively or negatively, recent findings suggest that HSC quiescence is regulated
through thrombopoietin (THPO) and its receptor Mpl,74,75 and the Tie2/Ang-1 signaling
pathways.60 Regulating hematopoiesis in the opposite direction. Osteopontin, a matrix
glycoprotein expressed by osteoblasts has been shown to negatively regulate hematopoiesis
by inducing HSCs into the cycles.76,77

Osteoblasts also regulate HSC homing and engraftment through the CXCR4/CXCL12
pathway as a major source of CXCL12 in the bone marrow. 59,78 HSCs can be mobilized
from the osteoblastic niche by degrading CXCL12 with the granulocyte colony–stimulating
factor (G-CSF)79 or by inhibiting the interaction of CXCR4/CXCL12 with a CXCR4
inhibitor AMD3100.80 Interestingly, circadian rhythm appears to be involved in CXCL12-
dependent HSC homing.81,82 It has also been demonstrated CXCL12-independent
mechanisms of HSC homing including annexin II (Anxa2),83 the calcium-sensing
receptor,84 the guanine nucleotide–binding protein stimulatory α subunit,85 c-kit, 86 and the
very late antigen-4 (VLA-4).87,88

In 2005, data convincingly emerged that there was at least a second niche that regulates
HSC function. Here it was demonstrated at sinusoidal endothelial cells participate in the
creation of an HSC niche.63 The basis of this finding was the ability to isolate and identify
HSCs in vivo, where the majority of HSCs, isolated based on the SLAM family receptors
including CD150, CD244, and CD48, colocalized to the sinusoidal endothelial cells within
the bone marrow and spleen, while some HSCs were observed near the osteoblastic niche.63

In addition, the sinusoidal endothelial cells supported THPO-independent thrombopoiesis.89

However, it is difficult to delete endothelial cells in vivo to investigate the functional effects
of endothelial cells on the maintenance of HSCs because endothelial cells line the inside of
all blood vessels of the body. Although little has been known about the role of endothelial
niche in hematopoiesis, endothelial cells appear to serve as the HSC niche, since they are the
gateway between the bone marrow and the circulation.

A recent study has revealed that HSCs themselves participate in the creation of the
osteoblastic HSC niche. HSCs are able to stimulate bone formation by expressing BMPs in
response to hematologic stress.90 Intriguingly, erythropoietin (Epo) appears to be involved
in this BMP production in HSCs via the Jak2/Stat3 signaling pathway. 91 These findings
also suggest that the cross talk between HSCs and the niche is crucial for maintaining
hematopoiesis. However, it is less clear if one alone constitutes a single cell type that
controls hematopoiesis— more than likely the participation of multiple cell types is
required. Indeed, where the niche cells located in the marrow has been continuously under
debate. Although further study would be clearly needed, it is likely that osteoblasts,
endothelial cells, and/or other cell types compose the HSC niche. Furthermore, it is
important to know whether the multiple niches cooperate and influence each other to
regulate hematopoiesis.

V. PROSTATE CANCER NICHE
The prognosis of PCa patients with distant organ metastasis remains poor. PCa frequently
spread to the bone marrow.15,92 Growing evidence has suggested that the microenvironment
within the bone marrow plays a crucial role in the development of metastasis.93,94

Therefore, a hypothesis worth exploring is that bone metastasis targets the
microenvironment that supports hematopoiesis, since the bone marrow is the primary site of
hematopoiesis. Other evidence that supports this hypothesis is that bone metastatic cancer
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cells disseminate in similar fashion to how HSCs home to the marrow such as the CXCR4/
CXCL12 axis.95,96 In addition to the homing, both the engraftment of HSCs and the
metastasis of PCa were dramatically compromised when the expression of the adhesion
molecules including Anxa2 (Refs. 83 and 97) and VLA-4 (Refs. 87, 88, and 98) were
suppressed. These findings strongly suggest the parallels between the mechanisms of the
HSC homing to bone marrow and bone metastasis.

We have recently shown that DTCs parasitize the bone marrow HSC niche.99 In this study,
the metastatic behavior of DTCs was assessed using an in vivo micrometastasis model that
we recently developed.100 First, direct competition for the niche between HSCs and PCa
was demonstrated. Engraftment of transplanted HSCs were diminished when the marrow
was preoccupied by DTCs.99 Simultaneous injection of PCa also inhibited that ability of
bone marrow transplantation to rescue the bone marrow from lethal radiation, and PCa-
bearing animals showed less survival.99 Furthermore, HSCs and DTCs colocalized close to
the osteoblastic niche.99

If the DTCs target the HSC niche, then it is reasonable to assume that metastasis would be
altered by manipulating the size of the niche. Bone anabolic PTH treatment to expand the
niche61 resulted in significantly more DTCs in the marrow,99 whereas selective ablation of
the osteoblastic niche using subcutaneous implantation of thymidine kinase–transformed
bone tissues73 resulted in significantly fewer DTCs in the implanted bone tissues. 99 Next, it
was demonstrated that the CXCR4/CXCL12 axis contributed to the mechanisms of niche
competition of HSCs and DTCs. DTCs were displaced from the marrow by degrading
CXCL12 (G-CSF) and by blocking the CXCR4/CXCL12 interaction (AMD3100).99

Moreover, more DTCs were found in the marrow when HSCs were cleared from the marrow
using AMD3100 prior to the PCa injections.99 Finally, it was revealed that DTCs affect the
function of HSCs once they settle in the marrow niche. When DTCs were established in the
marrow, less HSCs were observed in the marrow, while more hematopoietic progenitor cells
(HPCs) were found.99 Interestingly, the gene expression related to the the hematopoietic
stem cell phenotype was downregulated in these HSCs.99 More importantly, more HPCs
were found in the blood collected from the PCa patients with bone metastasis compared to
the healthy controls or patients without metastasis.99 Collectively, these findings strongly
suggested that HSCs and DTCs target the same area in the marrow by sharing the same
molecular axis, and that the HSC niche plays a supportive role in the PCa dissemination.

The observation that DTCs target the HSC suggests that other functions of the HSC niche
could impact PCa growth in the niche. For example, in hematopoiesis, the HSC niche
provides signals that regulate both (i) HSC quiescence to maintain the self-renewal and (ii)
their differentiation to populate the entire hematopoietic system.59 This could account for
the observation that DTCs can rest and form distant metastases years or even decades
later.101–103 This critical phenomenon is referred to as “tumor dormancy.”104 It is believed
that once DTCs become dormant, they acquire the ability to escape the cell death. However,
to date little is known about how the DTCs become dormant in the marrow. If DTCs target
the HSC niche during dissemination, then DTCs may hijack the mechanisms to regulate the
function of HSCs to survive in the marrow.

It has been proposed that the microenvironmental growth arrest specific-6 (Gas6) is
involved in HSCs’ fate.105 The fibroblasts supported the repopulation ability of murine
hematopoiesis in in vitro culture system when the cell-associated Gas6 was genetically
upregulated.105 Gas6 is known as a ligand for Axl, TYRO3 (SKY), and MER. It was
revealed that the AXL expression on the HSCs plays a regulatory role in hematopoiesis. 106

Like HSCs, PCa also expresses the AXL subfamily of tyrosine kinase receptors, and their
expression was enhanced when PCa bound to the osteoblastic niche through the Anxa2 and/
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or its receptor.107 Importantly, Gas6 produced by the niche stimulating the survival signals
in the PCa including chemoresistant ability by inducing tumor dormancy through AXL.107

Consistent with this notion, the Gas6/MER interaction protects leukemia cells from
chemotherapy-induced apoptosis. 108

Another interesting molecule that is involved in both HSC the quiescence and PCa
dormancy is BMP. It has been demonstrated that BMP- 2, -4, and -7 treatments are able to
maintain the CD34+CD38−Lin− stemlike phenotype in ex vivo culture of human cord blood
HSCs.109 In addition, HSCs treated with BMP-4 were capable of engrafting into
immunodeficient animals after six days of ex vivo culture.109 Likewise, BMP-7 secreted by
bone marrow stromal cells is involved in the mechanisms of PCa dormancy in the
marrow. 110 BMP-7 induced the cell cycle and growth arrest in PCa cells by activating p38
MAPK, and increased cell cycle inhibitor p21 and the metastasis suppressor gene
NDRG1.110 Interestingly, the cell cycle and growth arrest were reversibly inhibited when
BMP-7 treatment was stopped.110

Although Stephen Paget espoused his “seed and soil” hypothesis over 100 years ago,111 we
are still just discovering how this manifests at the molecular and cellular levels. It has
become increasingly evident that the disseminated PCas share the function of the HSC niche
with HSCs to survive in the heterotopic site. Yet, how these two cell types share the
pathway remains largely unexplored. Further study will therefore doubtless give better
insight into the microenvironment for disseminated PCa, or the PCa niche. Moreover,
targeting PCa-niche interactions could be a potential therapy for PCa bone metastasis.
Multiple cells within the HSC niche may further modify how the PCa cells maintain or
escape from dormancy. For example, myeloid cells represent a large component of cells
found in the bone marrow, and have many properties that can impact tumor growth.

VI. MYELOID LINEAGE CELLS IN THE NICHE
A. Roles of Myeloid Cells

Myeloid progenitor cells differentiate to a variety of cells including neutrophils, basophils,
eosinophils, monocyte/macrophages, dendritic cells, osteoclasts, and megakaryocytes.112

Myeloid cells in the tumor microenvironment are proven supporters of tumorigenicity, and
are emerging as key mediators in the establishment of skeletal metastases associated with
PCa.

The term “macrophage,” coming from the Greek root “macro,” meaning “large,” and
“phage,” “to eat,” characterizes the most well-known activity of macrophages, which is to
engulf pathogens. Macrophages serve key roles in host defense in both innate and adaptive
immunity. There are multiple subsets of macrophages that demonstrate heterogeneity based
on their strategic location in the body tissues and respective microenvironmental cues.
Despite extensive and longstanding study of macrophages in a variety of organs, very little
is known about macrophage function in the bone marrow microenvironment. Wound healing
is a central macrophage task, and since cancer has been termed “a wound that never heals,”
a role for macrophages in cancer and in the bone marrow microenvironment of the
metastatic lesion is without doubt, yet underinvestigated. Bone-resident macrophages termed
“osteomacs” are found in close association with osteoblasts, and are important for bone
remodeling, repair, and hematopoietic stem cell niche maintenance.113,114 Winkler et al.
utilized two different models of macrophage depletion to demonstrate the impact of
macrophages in the hematopoietic stem cell niche.115 Both the Mafia (macrophage Fas-
induced apoptosis) model and a clodronate liposome approach that depleted macrophages
resulted in HSC mobilization into the blood, and support the role of bone marrow
macrophages in endosteal HSC niche maintenance. Similar strategies were used to
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demonstrate the integral role of “osteomacs” in fracture healing where these macrophages
support osteoblastic bone formation.116 Macrophages are constantly surveying their
surroundings for signs of tissue damage or invaders, and their precursors rapidly mobilize to
sites of trauma or infection. Tumor cells invading the bone marrow are likely targets for
“osteomacs,” and their interaction with osteoblasts is an intriguing aspect of the tumor
microenvironment in prostate cancer skeletal metastasis.

B. MDSCs and TAMs
In the focused context of cancer, the most well-known roles for cells of the myeloid lineage
are for myeloid derived suppressor cells (MDSCs) and tumor-associated macrophages
(TAMs).117,118 Macrophages can be additionally segregated to M1 proinflammatory
macrophages and M2 protumorigenic macrophages.119 It is likely the balance of these two
cell types that drives tumor localization in metastatic sites including the bone. This is an area
of great interest, and promises to provide a further depth of knowledge regarding the bone
marrow niche as well as targetable approaches to addressing skeletal metastasis. Indeed, a
role for macrophages in cancer has long been known, and most recently is emerging to be
more complex than originally thought with actions both supporting and combating
cancer.120,121 Relative to skeletal metastasis, very little is known, yet evidence is strong and
building. Clinical studies in prostate cancer demonstrated that overexpression of colony-
stimulating factor (CSF-1) and its receptor (CSF-1R or c-fms), responsible for monocyte and
macrophage expansion, as well as the CD68 phagocytic cell marker, indicated poor
prognosis in primary prostate cancers and development of metastasis to bone.122

TAMs have been implicated in tumor growth, progression, and metastasis of different types
of cancer, and emerging evidence supports their role in skeletal metastasis.117,123,124 Nearly
20 years ago, TAMs isolated from lung metastases were reported to have the ability to
resorb bone, implicating them in the process of skeletal metastasis. 125 Later, and in the
context of prostate cancer, CD11b+ cells were also found capable of differentiating to
osteoclastic cells.126 Macrophages have also been shown to stimulate neuroendocrine
differentiation of prostate cancer cells via their production of interleukin-6.127 One of the
most well-characterized roles of TAMs is in angiogenesis, where they are recruited to
angiogenic sites to support the establishment of new vessels by secreting angiogenic factors
and proteases. 128 More recently, myeloid lineage cells have been found to support tumor-
associated lymphatic vessels and hence a route for metastatic dissemination.129

VII. MYELOID CELLS AND THE PREMETASTATIC NICHE
The concept of a premetastatic niche, originated with studies performed by Lyden’s group,
largely focused on the lung.130,131 The underlying tenet of the premetastatic niche is that
primary tumors secrete factors that circulate in an endocrine manner to the metastatic site
where they condition the “soil” to be receptive for tumor cell localization and growth.
Alternatively, a tumor cell that has already circulated to a metastatic site could secrete
paracrine factors that condition the niche to provide a convivial environment for tumor
expansion. Central to much of the work in this area are myeloid lineage cells. Mobilization
of bone marrow–derived myeloid cells (VEGFR1+CD11b+ cells) occurs on production of
inflammatory chemokines produced by the primary tumor.131 The myeloid cells circulate to
the primary tumor site and collaborate with other cells types in the premetastatic site such as
stromal and endothelial cells to produce growth factors, matrix metalloproteinases, and
adhesion factors that support metastatic localization and growth.

The fertile ground of the bone marrow for myeloid cells suggests the bone would be a prime
example of a premetastatic niche. This has not yet been widely validated, yet is an area of
emerging interest. Precise and agreed-upon characterization of the specific myeloid
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population cell types has limited this area from more rapid progress. Perhaps one of the best
examples of the bone as a premetastatic niche for prostate cancer stems from work
performed to elucidate the role of parathyroid hormone–related protein (PTHrP) in skeletal
metastasis. PTHrP is a tumor-derived protein with widespread autocrine, intracrine, and
paracrine actions. It was originally identified as an etiologic factor in cancer-induced
hypercalcemia.132 Humoral hypercalcemia of malignancy (HHM) represents the endocrine
potential of PTHrP that results when a primary tumor produces PTHrP that circulates to the
bone and results in bone resorption. For many years, it was thought that cancers produced
ectopic PTH since the skeletal impact was similar to that of hyperparathyroidism. PTH and
PTHrP bind to receptors on osteoblasts lining endosteal surfaces, and when levels are
continuously high, the osteoblasts support osteoclastogenesis via altering the ratio of
RANKL and OPG to support osteoclast differentiation and activation. Interestingly, many
cancers that produce PTHrP have very low or undetectable levels of PTHrP in circulation
(e.g., prostate cancer), yet evidence is building that there may indeed be a biological impact
of this PTHrP relative to a premetastatic niche. Prostate cancer–derived PTHrP has been
shown to stimulate osteoblasts to produce chemokine (C-C motif) ligand 2 (CCL2), also
known as monocyte chemotactic protein 1 (MCP1).133 CCL2 in turn recruits monocytes,
stimulates osteoclastogenesis, and promotes vasculogenesis to support tumor growth.134

Blocking CCL2 effectively reduced tumor growth in skeletal sites. These data suggest that
circulating tumor–derived PTHrP may condition the niche via myeloid lineage cells,
rendering it a more favorable environment for metastatic tumor cells.

Further evidence stems from work in breast cancer where lysyl oxidase secreted by breast
cancer cells accumulates at premetastatic sites and recruits CD11b+ myeloid cells.135 The
CD11b+ cells produce matrix metalloproteinases that degrade the extracellular matrix and
enhance the invasion of metastasizing tumor cells. Depletion of myeloid cells in an
aggressive mammary tumor model via the use of clodronate liposomes effectively reduced
metastasis to the lung. A targeting strategy under investigation for prostate cancer directed at
the VEGFR effectively reduced osteoblastic tumor progression by targeting angiogenesis
and preosteoclastic cells.136 Because myeloid lineage cells bear the VEGFR, this raises the
question as to how much of the prostate cancer phenotype is supported by myeloid lineage
cells.

A. Macrophages as Phagocytes: A New Role in Cancer
Macrophages are key cellular mediators of infection and inflammation, well known outside
of the bone environment for their ability to phagocytose invaders in performing their
protective functions.112 The term “efferocytosis” refers to the specific phagocytosis of
apoptotic cells and is an integral process in tissue homeostasis, inflammation, autoimmunity,
and cancer.137 Macrophages utilize distinct receptor signaling pathways to identify apoptotic
cells for phagocytosis.138 Receptor protein kinases including TYRO3, AXL, and MER
function to provide identification of “eat me” signals on apoptotic cells via their ligands
such as growth arrest–specific 6 (GAS6) or protein S.139 Ablation of MER via c-mer proto-
oncogene tyrosine kinase (Mertk) receptor mutation reduces efferocytosis and promotes
apoptotic cell accumulation, and presents a promising yet untested approach to disrupt the
macrophage efferocytosis cycle.140 When macrophages encounter apoptotic cells, Gas6
facilitates the interaction of the apoptotic cell membrane lipid phosphatidylserine (PS) and
the macrophage MER to increase phagocytosis and clearance of apoptotic cells. The
intracellular signaling for Mertk has been proposed with phosphorylation of the Tyr-867,
leading to PLCg2 activation, activation of PKC, and PKC-mediated tyrosine
phosphorylation of FAK.141 FAK phosphorylation leads to cytoskeletal rearrangements
essential for macrophage phagocytosis. Such intracellular signaling events have been shown
to be specifically related to the phagocytosis of apoptotic cells and represent intriguing new

Yu et al. Page 11

Crit Rev Eukaryot Gene Expr. Author manuscript; available in PMC 2013 April 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pharmacologic targets. Importantly, when macrophages phagocytose apoptotic cells, they
release TGFβ, a growth factor well known for supporting tumor growth.142–144 TGFβ also
recruits mesenchymal stem cells to support osteoblastic activity in bone,145 and may be
implicated in the osteoblastic lesions associated with prostate cancer.

Findings that macrophages play detrimental roles in tumorigenesis lead to consideration of
targetable approaches to reduce their pathogenicity. Indeed, bisphosphonates that are widely
used in skeletal metastasis show evidence of their efficacy via targeting macrophages.146 As
more and more interest builds in this area, new therapeutics will likely arise that focus on
specific aspects of myeloid cell function in the support of tumor cell localization and growth
in the bone marrow microenvironment.

VIII. SUMMARY
It is clear that multiple mechanisms contribute to PCa cells’ ability to parasitize the bone
(Fig. 1). Although research in the field has contributed much toward developing a basic
understanding of the events that lead toward establishment of metastases, there are still
many gaps in knowledge. Large gains in understanding of the biology of HSCs and their
niche have provided a key framework toward developing mechanisms of PCa bone
metastasis. The classical case of patients developing bone metastases long after a primary
tumor is resected clearly demonstrates the important of DTC. Furthermore, DTCs must have
properties of CSCs, although perhaps the term TIC is more appropriate. The ability of DTCs
to compete for the HSC provides a potential explanation for how these DTCs exist in a
dormant state. Eventually, changes may occur in either the DTCs themselves and/or the
bone microenvironment that allows escape from dormancy and tumor growth. These
changes can include both locally derived cytokines and cells, such as myeloid cells, or
distant cells, such as TAMs, that modulate the bone microenvironment. As we continue to
define the mechanisms of bone metastasis, we will identify potential therapeutic targets that
will help men afflicted with PCa.
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FIGURE 1.
Model of the pathway to parasitism of the bone microenvironment by prostate cancer.
Primary tumors represent a heterogeneous population of cancer cells, some of which
intravasate into the blood circulation to become circulating tumor cells (CTCs). A subset of
CTCs may successfully target the bone microenvironment through such mechanisms as
chemotaxis toward CXCL12 (also called stromal-derived factor) through its receptor
CXCR4 and then docking to osteoblasts annexin II receptor (AX2R) binding to annexin II
(AX2). On docking to the osteoblasts, the PCa cells, similar to hematopoietic stem cells,
enter a dormant state. Multiple changes, perhaps in the PCa cells themselves and/or in the
bone microenvironment, result in escape from dormancy. The PCa cells may then act as a
CSC undergoing both self-renewal and differentiation into clinically detectable metastasis.
Host cells, such as macrophages, enter the tumor microenvironment and, through both cell-
to-cell interactions and release of various cytokines, influence the progression of tumor
growth at the metastatic site.
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