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1. ABSTRACT

Although the hematopoietic stem cell (HSC)
niche has been an active area of study, the concept of the
bone marrow microenvironment (BMM) harboring a niche
for solid metastatic tumor cells has only recently been
considered. The HSC niche and microenvironment that is
thought to constitute the solid tumor niche share many of
the same structural and functional components, suggesting
the possibility that the HSC and tumor niche are one in the
same. The osteoblast is a critical component for each of
these niches, and is important for regulating cellular
processes such homing and migration, growth and survival,
and quiescence and dormancy. Current understanding of
the HSC niche may provide more insight to better defining
the solid tumor niche. As role of the niche in regulating
these processes is better understood, new insights to the
role of the BMM in metastatic disease may be gained, and
provide more potential targets for therapy.

2. INTRODUCTION

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 famously
state that metastatic cells, or “seeds”, must fall on
“congenial soil” (1). Paget was among the first to propose
that the bone marrow must have specific factors conducive
to metastatic growth. The concept of a specialized cellular
“niche” was then proposed in 1978 by Richard Schofield
when he observed that parenchymal cells in association
with a stem cell can affect and determine stem cell behavior
(2). Today, the concept of a stem cell niche is better
understood, yet remains an active area of investigation (3-
5). Likewise, the microenvironment of secondary growth
and metastasis in epithelial tumors is a rapidly expanding
field of research, but only recently has this
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Figure 1. The hematopoietic stem cell niche and the solid tumor niche in marrow. The hematopoietic stem cell (HSC) niche
provides insight to the structure and function of the solid tumor niche. The HSC niche regulates homing, self-renewal and
quiescence to preserve the multipotency of the HSCs. Likewise, the solid tumor niche probably regulates invasion, survival, and
dormancy to allow a metastatic cell to acclimate to the bone marrow microenvironment (BMM). In both cases, adhesion to the

osteoblasts is critical.

microenvironment been considered in the context of a solid
tumor niche (6). Primary tumors are known to interact with
a diverse population of non-malignant cells, forming a
tumor ecosystem (7). This ecosystem interaction is also
observed in the bone marrow, a secondary site in which
many types of metastatic tumor cells take up residence.
This bone marrow ecosystem plays a significant role in
regulating the activity of metastatic tumor cells (8), similar
to the way the hematopoietic stem cell niche regulates stem
cell activity. In this review, we will discuss the regulatory
factors of the bone marrow microenvironment (BMM) that
potentially comprise a niche for metastatic solid tumor
cells.

2.1. The HSC niche

Interactions between hematopoietic stem cells
(HSCs) and their bone marrow niche serves as a paradigm
for how cancer cells may interact with their
microenvironment. Metastases from several types of solid
tumors, including prostate cancers, use similar pathways to
home to and take up residence in the bone (9). The BMM
has long been known to regulate the activity of HSCs.
HSCs are retained in the bone marrow until maturation,
whereupon they are then released into circulation. The
population of supportive cells that facilitate HSC retention
bone marrow is what is known as the HSC niche. The HSC
niche believed to be responsible for regulating activities
that allow an HSC to retain its multipotency, engage in
self-renewal, and regulate quiescence, proliferation, and
differentiation. In homeostasis, HSCs are found in the
endosteum of bone, where they transition to a state of
quiescence to protect their long-term self-renewing
capabilities (4). This “endosteal niche” is believed to be
regulated mainly by osteoblasts and maintain HSC
quiescence (Figure 1), yet the precise location and

phenotype of these niche cells remains to be determined.
HSCs have also been detected adjacent to sinusoidal
endothelial cells in the ‘“vascular niche”, where
proliferation and differentiation of HSCs is regulated (10).

2.2. Metastatic tumor cells in the bone marrow
microenvironment (BMM)

For most solid tumors, the lymph nodes, lung,
liver, bone, adrenal, kidney and brain are believed to be the
common sites of metastasis (11). However, the bone
marrow is also appreciated as a common site for solid
tumors to metastasize (11, 12). Although bone marrow
metastases are considered a subform of the bone
metastases, growing evidence suggests that bone marrow
involvement may represent a precondition for bone
metastasis (12). As a rich vascular bed with terminal
sinusoidal endothelium and abundant growth factors, the
BMM is also host to metastatic tumor cells. Tumor cells
can survive in the bone marrow as overt, clinically
detectable metastases, or as micrometastases, which may be
composed of a single cell or small population of cells. For
a tumor cell to metastasize, it must first leave the primary
tumor and cross through the surrounding tissue to gain
access to peripheral circulation. After entering circulation,
the cell must then cross the vascular barrier and invade
extravascular tissues to access a secondary site (6). If a cell
can manage to survive through this process and lodge in a
secondary site, such as the bone marrow, it can either
proliferate into an overt metastatic growth or become
dormant until proliferation is possible (13). Successful
metastasis requires the ability of tumor cells to survive in
many different environments, yet the microenvironment of
the bone marrow is the most conducive to metastatic
outgrowth, as this is where the majority of overt metastases
are present.
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Single metastatic cells that lodge in a secondary
site are known as disseminated tumor cells (DTCs). In the
bone marrow, DTCs derived from epithelial cancers
including prostate, breast, gliomas and gastrointestinal
cancer have been detected (14-17). In theory, DTCs can
become overt and clinically relevant metastases (16), and
lead to disease recurrence, where these cells begin
proliferating even after treatment (18). Importantly, DTCs
have been shown to express genetic heterogeneity,
implying that the populations of cells that clonally expand
into overt metastases are selected early in the dissemination
process (17). This selection of viable DTC populations may
be environmentally directed by pressures from the BMM.
The presence of DTCs in the bone marrow has been
correlated with a poor prognosis (19), as DTCs frequently
lead to lethal bone metastases (20).

2.3. Priming or parasitism?

As observed by Paget and modern researchers
alike, the distribution of metastatic cells in the bone
marrow is highly specific (21-23), and only a tiny
population of disseminated tumor cells is able to take up
residence to survive. It is not completely understood
whether an invading tumor cell dictates the location of its
new home by first altering the secondary site to prepare it
for metastasis, thus effectively establishing a pre-metastatic
niche (24), or if it takes over an area that is already
conducive to growth and survival, such as the HSC niche
(6). Evidence exists for both the establishment of a pre-
metastatic niche and for molecular parasitism of the HSC
niche. While these are differing concepts of how a
migratory tumor cells selects its niche in the bone marrow,
they are not exclusive, and may be different steps in the
complex process of tumor cell invasion of the marrow.

A particularly interesting set of findings relates to
observations that demonstrate that primary tumors in some
fashion appear to prepare or prime select tissues for
metastasis (25). The most defined of these interactions have
demonstrated that hematopoietic bone marrow progenitors
expressing vascular endothelial growth factor receptor-1
(VEGFR-1) home to distinct sites in the bone marrow and
cluster before the arrival of metastatic tumor cells (24). By
some mechanism which remains unclear, these early
arriving hematopoietic cells are thought to prime areas of
the bone marrow for the arrival of a tumor cell, suggesting
that a pre-metastatic niche is constructed by non-malignant
cells (24). The phenotype of these cells is not very different
from that of early hematopoietic bone marrow progenitors
such that, hematopoietic progenitors and perhaps HSCs
themselves unwittingly prime the bone marrow for
metastatic growth when they are in close proximity to their
niche. In this sense, the HSC niche may participate or serve
as a target for metastasis. As a result of these observations
and in light of findings that homing, adhesive, and
regulatory mechanism of invading tumor cells mimic
closely with functions normally ascribed to HSCs, our
group recently proposed that invading tumor cells are able
to take over and parasitize the HSC niche in order to
facilitate their own growth (6). As an entity, the HSC niche
is a dynamically involved in and responds to the needs of
the cell which it is hosting. In this review, we will focus on

the structure and function of the endosteal niche as
regulator of HSC activity and target for parasitism of
metastatic tumor cells.

3. STRUCTURE OF THE NICHE

Both HSCs and metastatic cells localize to the
endosteum in trabecular bone with a high propensity. The
metastatic BMM is composed of many cells that are critical
to regulating solid tumor metastasis. At present the niche
which serves as a basis for metastases from solid tumors is
thought to be comprised of components of the extracellular
matrix, cells anchored in the bone, infiltrating and
migratory cells, and both soluble and insoluble factors (6).
Cells found within the BMM include mesenchymal cells,
such as mesenchymal stem cells, osteoblasts, fibroblasts,
reticular cells, and adipocytes. Mesenchymally derived
cells are believed to provide for the physical structural of
the niche (6). Cells of hematopoietic origin also play a
prominent role in the bone marrow ecosystem, and include
hematopoietic stem cells, macrophages, T and B
lymphocytes, megakaryocytes, dendritic cells, and
osteoclasts (7). Soluble factors critical to niche function
consist of oxygen, chemokines and cytokines, growth
factors, hormones, and nutrients. Insoluble factors include
components found in the calcified bone matrix, such as
collagen and pyrophosphate (3, 7). Solid tumor cells
invading the bone microenvironment are known to locate in
close proximity with these elements, and interact with them
in order to modify and optimize the complex ecosystem
that develops to form a niche that supports dormancy in
some cases, and growth in others.

3.1. Osteoblasts

Osteoblasts are a major regulatory component of
the endosteal niche. They are mesenchymal in origin, and
their main role in the BMM is to synthesize the
extracellular matrix of bone. They have been demonstrated
to play critical role in regulation of hematopoiesis (3) and
formation of the HSC niche (3, 4). Their specific role in
tumor metastasis is now becoming better understood (6,
22). Recent studies also show that osteoblasts are also
thought to serve as a major niche component for leukemia
cells and their stem cells (6, 26-28) (Figure 1).

In homeostasis, osteoblasts produce a multitude
of growth factors and cytokines, such as insulin-like growth
factors (IGF), bone morphogenic proteins (BMP),
transforming growth factor (TGF)-beta, fibroblast growth
factors (FGF) (29, 30). Importantly, osteoblasts are also a
major source of CXCL12, or SDF-1, a critical molecule in
HSC and tumor engraftment to the niche (9, 31, 32). As a
component of the HSC niche, cellular adhesion to
osteoblasts (opposed to only the extracellular matrix) is
required to maintain HSCs (33). In addition, osteoblasts
have been shown to secrete soluble factors only when
HSCs are present, and do not secrete the factors when
HSCs are absent, perhaps in order to keep HSCs quiescent
(3). These factors include interleukin (IL)-6, IL-7 (32),
macrophage inflammatory protein (MIP)-1-alpha and
leukemia inhibitory factor (LIF) (34). Activation of
osteoblasts through the PTH/PTHrP receptors by
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parathyroid hormone (PTH) and parathyroid hormone
related protein (PTHrP) has been shown to expand HSC
numbers (35). Ablating osteoblasts in vivo severely alters
hematopoiesis (36).

The rich supply of growth factors secreted by
osteoblasts is thought to promote tumor growth in metastatic
cancer (37). When present in the BMM, breast and prostate
(37) cancer cells are known to stimulate osteoblasts to produce
factors that stimulate tumor growth and even inhibit osteoblast
apoptosis. Among numerous other factors, PTHrP are
produced by cancer cells to promote an osteoblastic phenotype
in metastatic cancer by increasing the number of osteoblasts
present (37). If osteoblasts play the same critical support role
in the solid tumor niche as they do in the HSC niche,
metastatic cancers may possibly be utilizing the PTH/PTHrP
axis to effectively induce more niche cells. The increased
number of niche cells may then increase the growth factors and
molecules critical for tumor cell survival. Complete molecular
characterization of the osteoblastic or endosteal niche is an
ongoing area of investigation, and more study is necessary to
define the solid tumor niche in the bone marrow.
Characterization of the HSC osteoblastic niche is still an active
area of debate; for instance, the role of N-cadherin as an
osteoblastic niche marker is ambiguous (35, 38). Considering
the fact that osteoblasts are a heterogeneous population it is
likely that not all osteoblasts exhibit niche capabilities, but
only a small subset of specialized cells (39). In fact, what
defines an osteoblast that functions with niche capacity
remains unclear, as do the markers that will be needed to
delineate these activities.

3.2. The extracellular matrix and other marrow cells

Osteoblasts are not the sole supportive cells that
make up the HSC and solid tumor niche. The extracellular
matrix of bone provides structural support for cells both
occupying the niche and creating the niche. It is comprised
of fibronectin and integrins to which HSCs and tumor cells
can bind. Mesenchymal stem cells (MSCs) are residents of
a normal marrow, and tumor cells appear to have several
important interactions that have only recently come to light.
Primary tumor cells recruit MSCs from the bone marrow
through vascular endothelial growth factor (VEGF),
stromal derived factor-1 (SDF-1), and monocyte
chemotactic protein-1 (MCP-1) (40, 41). Once these MSCs
arrive at the primary tumor site, the possibility exists that
they may differentiate into cancer-associated fibroblasts
(CAFs) and thus contributes to the primary tumor
microenvironment.

MSCs in the marrow also produce a multitude of
growth factors that can be utilized by migratory tumor cells
once they take up residence in the secondary growth site of
the marrow (42). In the marrow, MSCs may differentiate
into fibroblasts and support tumor cell proliferation at the
metastatic site (43). VEGFR1-positive cells, such as those
that prime the pre-metastatic niche, can induce fibronectin
expression by fibroblasts, which in turn enhances tumor
cell binding at secondary sites (43). Modified TGF-beta
expression in microenvironment fibroblasts and endothelial
cells also plays a role in regulating tumor growth (44).
Macrophages derived from the bone marrow can contribute

to angiogenesis, invasion, and metastasis, and are termed
tumor-associated macrophages (TAMs) (8). TAMs are not
normally present in the BMM, but are often found in the
marrow at secondary sites of metastasis, where they are
considered an invasive species like the tumor cell (7).
Endothelial cells in the BMMprovide a vascular niche for
hematopoetic stem cells in normal physiology (4), but
contribute to angiogenesis and vasculature development of
metastatic outgrowths in the tumor BMM (7). In addition,
other hematopoietic cells such as T and B lymphocytes,
dendritic  cells, megakaryocytes, neutrophils, and
cosinophils all are present in the BMM and may contribute
to the regulation of cells occupying the bone marrow niche

.

3.3. Osteoclasts

Osteoclasts are critical in the hematopoietic
microenvironment. Osteoclasts are multinucleated cells
formed from fused monocytes, and require activation using
the receptor activator of nuclear factor kappa-beta
(RANK) ligand (and macrophage colony-stimulating factor
(M-CSF). Osteoclasts are responsible for degrading the
calcified organic bone matrix, a process known as bone
resorption. Recent studies suggest that osteoclasts may
interact with cells occupying the HSC/solid tumor niche both
directly and indirectly. Osteoclasts mediate HSC activity by
mobilizing them out of the niche, where they can proliferate
and differentiate (45). It is possible that osteoclast-induced
mobilization may also open HSC the niche for parasitic tumor
cells. Direct and indirect cross-talk between osteoclasts and
tumor cells is well known and thought responsible for much of
the bone resorption exhibited by metastatic tumors with an
osteolytic phenotype (37). Inhibition of osteoclastic activities
by bisphosphonates is currently one of the few effective
methods used today to treat skeletal metastases (46).
Osteoclasts make the BMM much more conducive to tumor
growth (47), as resorbing bone is much more susceptible to
metastasis (37), more adhesive (48), and results in more
pronounced chemotaxis (49). In addition, osteoclasts release
the growth factors from the calcified bone matrix, which in
turn increases proliferation of tumor cells (50).

4. FUNCTION OF THE NICHE

In addition to being structurally defined, the HSC
and solid tumor niche is also functionally defined. Aside
from regulating self-renewal and stem cell differentiation,
the HSCs also regulates homing, adhesion, survival, and
quiescence. Parallel to the HSC niche, the solid tumor
niche regulates migration, adhesion, survival and growth,
and tumor dormancy. Many of the molecular mechanisms
and pathways that have been established as HSC-niche
interactions are believed to represent similar tumor cell-
niche interactions. Although there are differences in tumor
and stem cell biology, and further investigation is
necessary, there are shared functional relationships that are
believed to facilitate tumor cells to “hijack” the pathways
used by HSCs and parasitize the niche (6).

4.1. Homing, migration and retention
The ability to target and localize to the niche is
critical to metastatic tumor cells. Many of the molecular
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pathways used by HSCs to home to the niche and are also
used by solid tumor cells to migrate to the marrow and
remain there (Figure 1).

The stromal-derived factor-1 (SDF-1 or
CXCL12) axis is one of the most prominent shared
mechanisms of HSC regulation and regulation of tumor
metastasis to the BMM. CXCLI12 is secreted by both
endothelial cells and bone marrow stromal cells including
osteoblasts, fibroblasts, and MSCs. Notably, SDF-1
expression is particularly high in osteoblasts (3). Its main
receptor, CXCR4, is expressed on hematopoietic stem cells
and mature cells (31), is overexpressed in metastatic solid
tumors such as prostate (9) and breast (51), and is
correlated with increasing tumor grade (52). Its role as a
chemoattractant for both HSCs and mature hematopoietic
cells is well defined (53-55), and it is also a very strong
chemoattractant for metastatic cells (9). The SDF-
1/CXCR4 axis is critical for homing to the marrow, as
deletion of SDF-1 (56), or its receptor CXCR4 (57) results
in an inability for engraftment of hematopoietic cells.
Likewise, blocking this axis in metastatic epithelial tumor
cells inhibits establishment of growth in the marrow (58,
59). In fact, SDF-1 gradients have been shown to regulate
metastatic patterns. In sites where PCa lesions are often
seen, including the bone marrow of the pelvis, tibia, femur,
there are elevated levels of SDF-1 (59). Increasing SDF-1
endogenously through inhibition of CD26 also enhances
metastasis to the bone (60). In addition, CXCR7, also
known RDC-1, serves as another receptor for SDF-1, and is
expressed in metastatic prostate (61), breast, and lung cells
(62). Other important functions of SDF-1/CXCR4 axis
support tumor activity in the niche. Signaling through
CXCR4 activates CD164 (63) and alpha-v-beta3 integrins
(64), allowing for adhesion and tight binding the
osteoblasts and the extracellular matrix. In addition to
attracting tumor cells, SDF-1 also attracts CAFs, which
serve to enhance cancer survival in the bone (65). VEGF
has also been thought to play a role in directing
osteotropism of metastatic cells. The population of cells is
thought to induce a pre-metastatic niche, VEGFR-1-
positive hematopoietic progenitors, are associated with an
increase of SDF-1 (66). These cells are also thought to
mediate osteolysis (67) and thus release growth factors
from the bone, further contributing to an environment
conducive to metastatic growth.

Osteopontin (OPN) also is a protein that is highly
expressed in trabecular bone along the endosteum (68). As
the name suggests (“osteo-” meaning bone and “pontin”
from Latin for “-bridge”), it is an extracellular linking
protein responsible for cell-to-extracelluar matrix adhesion.
It has been implicated as an important regulator of
migration of HSCs through the marrow and functionality of
the HSC niche (68, 69). In OPN knockout mice, HSCs
were unable to engraft in the endosteal region, revealing
that OPN is critical for HSC homing and retention. Based
upon its role in HSC biology, it is not surprising then that
the molecule also plays a significant role in metastasis of
solid tumors (70). In fact, it is expressed by many solid
tumors (71) and plays a role in tumor progression and
invasiveness in epithelial cancers including breast (72),

prostate (73) and mammary carcinoma (74, 75). OPN
regulates homing and invasion through integrin activation
(70), in particular alpha-V and beta integrins, which have
been implicated in both HSC and metastatic tumor cell
retention and function. Integrins are cell-surface proteins
that are allow for cellular adhesion, and are comprised of
non-covalently associated alpha and beta subunits (76).
Alpha-4-beta-1 integrin, or very late antigen-4 (VLA-4)
and its ligand fibronectin are important for HSC
localization and retention to osteoblasts and the endosteal
niche (3, 77). VLA-4 receptor expression on hematopoietic
progenitors and engagement of its ligand is also a
characteristic of pre-metastatic niche-inducing cells (24).
Integrin and VLA-4 disregulation is consistently found
solid tumors (78-80), leukemia (81) and in bone metastases.
Expression of alpha-v-beta-3 integrins is correlated with
highly aggressive and invasive metastases, and this
combination of integrins serves to anchor metastatic cells to
the niche (64, 82).

In addition to integrins, cadherins are calcium-
dependent binding proteins that allow for cell-cell adhesion
and typically serve as both a ligand and receptor, as
cadherin-cadherin binding between different cell types is
observed. Bone-associated cadherins have been implicated
metastatic progression. OB-cadherin, or cadherin-11, is an
osteoblast-derived cadherin that has recently been shown to
increase migration invasiveness in breast and prostate
cancer metastasis (83-85). In the context of HSCs,
progenitor cells and MSCs also exhibit OB-cadherin and N-
cadherin (86), yet their role as niche regulators remains
highly controversial as to whether or not they regulate the
HSC niche or not (38). If not, these data suggest a point of
divergence between the two systems.

In order to further understand the functional
capacity of the niche for solid tumors to target and retain
metastatic cells, homing and adhesion molecules that
functionally characterize the HSC niche may provide some
insight. For many of the molecular mechanisms that
regulate  HSC activity in the niche are potentially
parasitized by tumor cells. These molecular mechanisms
are known include SDF-1/CXCR4, OPN, VLA-
4/fibronectin, VLA-4/vascular cell adhesion molecule-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1)
(6) , Angiopoietin-1 (Ang-1)/Tie-2 (87), canonical Wnt
signaling (88), Notch/Jagged signaling (89),
thrombopoietin (TPO)/Mpl receptor (90), stem cell factor
(SCF)/cKit receptor (3, 27),) and annexin II/annexin II
receptor (91).

4.2. Survival and growth

The bone marrow is a rich reservoir of nutrients
and growth factors that can be released to promote cellular
growth and survival. The marrow microenvironment is
critical for maintaining long-term HSC survival, but
metastatic tumor cells also take advantage of this nutrient
source. Direct binding to osteoblasts can also promote
growth and survival of metastases using many of the
aforementioned molecular mechanisms involved in homing
and migration. Additionally, metastatic tumors activate
osteoclasts to release matrix-bound growth factors through
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induction of the pro-osteoclastogenic molecule known as
receptor activator of NF-kappa-beta ligand (RANKL) (37).

One pertinent example is interleukin-6 (IL-6), a
growth factor that serves to support growth and survival in
the HSC and tumor niche. It has been shown to promote
growth and survival of cancer cells in the marrow (92-95).
VEGF and HSCs are known to stimulate IL-6 production in
osteoblasts and bone marrow stromal cells (34, 93), and
increased IL-6 production by bone marrow stromal cells
stimulates VEGF production, creating a cycle of growth
factor production to amplify itself (96). Moreover, high IL-
6 levels in the marrow appear to promote tumor survival
and osteoclast activation (97, 98).

Another example could be the polycomb family
proto-oncogene, Bmi-1. Bmi-1 is consistently required for
the self-renewal of diverse adult stem cells, as well as for
the proliferation of cancer cells in the same tissues. Bmi-1
promotes HSC self-renewal partly by repressing the
expression of Ink4a and Arf, tumor suppressor genes that
are commonly deleted in cancer (99, 100).  Such
similarities in regulation of cancer cell proliferation and
stem cell renewal indicates that growth and survival in
cancer and HSCs are regulated by analogous networks of
molecules.

One more molecule that we believe is particularly
important as a tether for HSCs to the niche and in
metastasis is annexin II (Anxa2). Anxa2 is an adhesion
molecule that is highly expressed in the bone marrow by
osteoblasts and endothelial cells (101). It has been shown to
have many roles in hematopoiesis and the marrow,
including  osteoclast  activation  and  osteoblast
mineralization (102, 103). Expression of Anxa2 by
osteoblasts has been shown to regulation homing, migration
and retention of HSCs after transplantation to the endosteal
niche (91). In anxa2-deficient animals, fewer HSCs are
found in the marrow, suggesting that this molecule plays a
role in HSC niche selection. Anxa2 is also expressed in
many solid tumors, and is associated with high
invasiveness and tumor progression (104) in cancers
including prostate, lung, pancreatic, and brain cancers
(105). In prostate cancer, inhibiting Anxa2 function
inhibits metastatic ability of the tumor cells, and growth at
a secondary site.  Anxa2-mediated proliferation and
survival occurs via the MAPK signaling pathway, and
Anxa2 receptor engagement in prostate cancer may
stimulate expression of other receptors and adhesion
molecules (105). This may contribute to the growth and
proliferation of solid tumors in the niche in both direct and
indirect ways, as Anxa2-mediated activation of osteoclasts
may indirectly enhance secondary tumor growth through
the release of the matrix-bound growth factors during
osteoclastic bone resorption (102).

4.3. Quiescence and dormancy

The ability to engage in a state of Gy
growth arrest is a characteristic of stem cells known as
quiescence. Quiescence is critical for protecting stem cells
so they can retain their long-term self-renewal capacity.
Most HSCs are in a quiescent G, state within marrow,

cycling approximately every 57 days (106). Similarly,
disseminated tumor cells that invade the bone marrow
exhibit Gy growth arrest, termed “cellulardormancy” (19).
Most disseminated tumor cells that arrive at a distant site
undergo apoptosis, but cellular dormancy appears to be a
way for tumor cells to evade apoptosis and survive until
they can adequately survive in their new environment (107)
(Figure 1). In fact based on clinical observations, many
patients maintain viable disseminated tumor cells, even
after treatment, a phenomenon known minimal residual
disease (MRD) (19). Both HSC quiescence and tumor
dormancy are reversible states of growth arrest (opposed to
irreversible growth arrest as seen in apoptosis or
senescence). HSCs must retain their ability to differentiate
and self-renew, and proliferation is necessary for a dormant
tumor cell to exhibit disease recurrence. For tumors,
reactivation of a proliferative state often indicates disease
relapse.Quiescent HSCs are thought to be localized in the
endosteal region of the bone marrow (4). Recent studies
have shown that this region is extremely hypoxic and
hypoxia-inducible factor-la (HIF-la) regulates the cell-
cycle quiescence of HSCs in these areas (108, 109).
Similarly it has been shown that tumor micrometastases can
exist in dormant state within hypoxic microenvironments.
Such dormant micrometastases may become activated by
an “angiogenic switch” triggered by changes in the balance
between pro- and anti-angiogenic factors (110). This
indicates that dormancy is regulated in similar fashion
between cancer cells and HSCs.

In both HSCs and tumor cells, activation of
cyclin-dependent kinase (CDK) inhibitors p27Kipl and
p21Cif result in Go/G1 growth arrest (111, 112). Adhesion
molecules in the endosteal niche engage receptors that
activate pathways to upregulate these molecules.
Osteoblasts are the primary producers of angiopoietin-1
(Ang-1), the ligand to Tie2. Tie2 is expressed on quiescent
HSCs (87), and engagement of the Tie2 receptor enhances
beta-1-integrin adhesion to osteoblasts. Beta-1-integrin
adhesion has been shown to lead to cell cycle arrest via
p27Kipl activity (113). Tie2 receptor engagement also
activates the phosphatidylinositol 3-kinase (PI3-K)/Akt
signaling pathway, which in turn regulates CDK activity
(114). In Tie2-positive quiescent HSCs, Tie2 activation is
thought to activate CDK inhibitor p21Cip1 through the PI3-
K/Akt pathway (112). Activation of p21Cipl is thought to
induce a quiescent state, because p21Cipl deficiency
results in HSCs that are unable to remain in G,. These cells
exhibit loss of their stem cell function, as they cannot
engage in long-term self renewal or reconstitute lethally
irradiated mice (115). Tie2 is also present on many types of
cancer and higher expression correlates to metastatic tumor
progression and invasiveness (116-118). Similar to
quiescent HSCs, upregulation of Tie2 on tumor cells also
results in expression of beta-1-integrins on tumor cells
(119). While it is not yet known if Tie2 stimulation directly
results in tumor dormancy, it is feasible that Tie2 signaling
may also result in CDK inhibitor activation in tumor cells
in a fashion similar to that proposed in HSCs. In addition
to p21Cip activation, p27Kip1 activation also results in cell
cycle arrest. Beta-1-integrin-mediated adhesion in tumor
has been shown to regulate CDK activity and result in
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upregulation of p27Kip (113). This is confirmed in studies
that show induction of p21 or p27 in colon cancer cells
stimulates G; arrest (120). The Notch signaling pathway
has also been implicated in HSC quiescence and niche
regulation. The Notch receptor is expressed on HSCs, and
its ligand Jagged-1 is expressed by osteoblasts (35). In
HSCs and tumors, the Notch signaling pathway has shown
to activate both p27Kip and p21Cipl (121-123), suggesting
another mechanism for adhesion-induced quiescence in the
niche.

FoxO proteins are a group of transcription factors
which mediate cell-cycle regulation via p27Kipl (124).
FoxO play essential roles in the response to physiologic
oxidative stress and thereby mediate quiescence and
enhanced survival in the HSC compartment, a function that
is required for its long-term regenerative potential (125).
FoxO proteins are also tumor suppressors, the levels of
which are regulated by the PI3K-AKT pathway (126). The
chromosome translocations that disrupt the human FOXO
gene have been associated with leukemia and the solid
tumor alveolar rhabdomyosarcoma, and misregulation of
FoxOs has been associated with a variety of tumor types,
including those of the prostate, stomach, brain, and breast
(127). Thus FoxO impedes cell proliferation in both cancer
and HSCs most likely by similar downstream mechanisms.

Molecules which regulate HSC and tumor
migration and survival have also been shown to exhibit
quiescence-inducing functions. SDF-1 and CXCR4 have
also been implicated in regulation of growth arrest in HSCs
and cancer cells. CXCR4-deficient mice proliferate
excessively and do not respond to SDF-1-stimulated
induction into the cell cycle (128). In vitro growth arrest
specific 6 (GAS6), a common ligand for the Ax1/Sky/Mer
receptor tryrosine kinase family, stimulation of prostate
cancer cells and leukemia cells allowed the cells to evade
apoptosis and enter a G, growth arrest state (129, 130). It is
evident that these niche molecules have multifaceted roles
and are critical to HSC and tumor cell survival in multiple
ways.

5. CONCLUSIONS AND IMPLICATIONS

5.1. Targets for therapy

Due to the ability for tumor cells to utilize the
bone marrow niche to engage in dormancy, metastatic
tumor cells can acquire cell adhesion-mediated drug
resistance, or de novo drug resistance. Because the majority
of standard cytotoxics target rapidly dividing cells, cells
that are in a state of growth arrest are immune to these
therapies (131, 132). Adhesion molecules including beta-
integrins, VLA-4, and fibronectin have demonstrated that a
reversible drug-resistant phenotype can be conferred upon
epithelial tumors when these molecules are engaged (79,
80, 133). Thus, interfering with the ability for tumor cells
to engage in cellular adhesion through these molecules has
been an attractive target. Recent tests in mouse models
have shown some promise. PSK1404, an antagonist of
alpha-V-beta-3  integrin  significantly inhibits bone
metastasis in animal models of metastatic breast and
ovarian cancer (134). While induced VLA-4 adhesion

promoted drug resistance to cytarabine in acute myeloid
leukemia (81) and melphalan in myeloma (135), anti-VLA-
4 antibodies have been proposed to reverse drug resistance
and minimize tumor burden (81). Looking to the HSC
niche for therapy targets, agents used to induce HSC
mobilization out of niche axis may also be useful for
mobilizing tumor cells out of the bone marrow niche, and
preventing them from engaging in growth arrest. Currently,
granulocyte-colony stimulating factor (G-CSF) and
AMD?3100, a small molecule inhibitor of CXCR4 both
inhibit the SDF-1/CXCR4 axis in HSCs (31, 136, 137). In
animal models, using AMD3100 increased AML and
myleoma chemosensitivity (138, 139) and AMD3100
disrupts metastatic lung cancer binding to stromal cells in
coculture (140). Additionally, interferon gamma has been
shown to reduce Anxa2 expression in cells and thus limit
the invasive capacity of prostate cancer cells (141). These
findings suggest that therapies that target tumor-niche cell
binding may be promising.

At present, few if any therapies specifically target
the HSC niche for chemotherapy of cancer. One such target
includes CNTO328, an anti-IL-6 antibody which interferes
with osteoblastic IL-6 activity (97, 98). Another molecule,
Denosumab, targets the RANK/RANKL axis to inhibit
osteoclast activation (142). Lerdelimumab, an anti TGF-
beta antibody to inhibit TGF-beta signaling in bone marrow
stromal cells has also been tested (44, 143). Together,
tumor-niche interactions and noncancerous niche
components provide many options for therapeutic targets.
Since the tumor-niche ecosystem is dynamic, and both
tumor and niche cells are able to adapt and evolve to
changes in the microenvironment, it is important to have
multiple therapeutic targets for each aspect of the
ecosystem.

5.2. Cancer stem cell niche

A growing body of evidence suggests that a
subpopulation of cells in a tumor have self-renewing
capabilities similar to those of hematopoietic stem cells.
These tumor cells are termed cancer stem cells (CSCs) and
are thought to initiate tumor metasatases (144). Evidence
for a leukemic stem cell (LSC) has been demonstrated
(145), and osteoblasts have been shown to support niche
activity of these LSCs (26). While the characterization of
epithelial CSCs is a topic of debate, CD133 is thought to be
a marker of many tumor-initiating epithelial CSCs (146).
LSCs and metastatic solid tumor cells are both thought to
hijack the HSC niche (6, 27), so it makes inherent sense
that a solid tumor CSCs would be able to do the same.
Thus, the HSC niche, solid tumor niche, and CSC niche
most likely are comprised of the same cells and elements in
the BMM (Figure 1).

5.3. Models to study the niche

As more is learned about the tumor niche and
more targets for therapy are revealed, it is important to
have sufficient models to study the microenvironment.
Unfortunately, there are inadequate cell lines for many cell
types and inadequate animal models, which provide
barriers to further study. For prostate cancer this is
particularly true, because few if any tumor cell lines
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recapitulate each of the stages of tumor progression. A
model that we have recently developed which we believe is
particularly instructive is an in vivo mouse model for
prostate cancer metastasis (147) can be combined with
transgenic tissues to explore targets and ultimately
therapy (148, 149). In this model, there is a BMM that
can easily be manipulated to study the bone marrow
niche (150). In the in vivo mouse model, cancer cells
from human cell lines are implanted into collagen
scaffolds, then implanted subcutaneously in severe
combined immune deficient (SCID) mice. This model
recapitulates the events of early metastasis, as tumor
cells must escape from the “primary” tumor, enter the
circulation, and invade secondary tissues. The cancer
cells can be then be detected in the peripheral blood and
bone marrow by QPCR wusing the human-specific
sequence Alu, or by bioluminescent imaging if the cells
are tagged with luciferase. The ossicle model is derived
from bone marrow stromal cells (149) or uses a tissue-
engineered model (148) and the vossicle model is
established using neonatal vertebral bone transplants, all
of which can be implanted subcutaneously into SCID
mice. Specific cellular and molecular factors involved in
niche regulation can be manipulated in an ossicle or
vossicle transplant. For instance, conditional ablation of
osteoblasts is possible using vossicle transplants from
Col2.3deltaTK transgenic mice (36). Since ossicles and
vossicles are implanted subcutaneously, they provide
convenient access to the bone microenvironment in vivo.
These models provide effective ways to explore the
events of metastasis and how these metastatic tumor
cells interact in the solid tumor niche.

5.4. Summary

It is evident that the solid tumor niche shares
many characteristics as the HSC niche, and may in fact
parasitize the HSC niche to establish growth in the bone
marrow (6). The HSC and solid tumor niche are defined by
many cells and factors in the endosteal region, with
osteoblasts playing an especially important role (6). The
niche has many specialized molecules that regulate
multiple functions and exhibit functional overlap (6).
Especially important molecules that regulate tumor cell
survival and dormancy in the niche include SDF-1 and its
receptor CXCR4, annexin II and its receptor, and integrins.
As the concept of the solid tumor niche is studied further,
more light undoubtedly will be shed on the complicated
mechanisms of metastatic dormancy and growth in the
marrow. In turn, this will lead to better understanding of
how tumor cells to evade current therapies through niche-
mediated drug resistance, and the development of new
niche-related therapies.
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