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Abstract The skeleton is a common destination for many
cancer metastases including breast and prostate cancer.
There are many characteristics of bone that make it an ideal
environment for cancer cell migration and colonization.
Metaphyseal bone, found at the ends of long bone, in ribs,
and in vertebrae, is comprised of trabecular bone inter-
spersed with marrow and rich vasculature. The specialized
microvasculature is adapted for the easy passage of cells in
and out of the bone marrow. Moreover, the metasphyseal
regions of bone are constantly undergoing remodeling, a
process that releases growth factors from the matrix. Bone
turnover also involves the production of numerous cyto-
kines and chemokines that provide a means of communica-
tion between osteoblasts and osteoclasts, but co-incidentally
can also attract and support metastatic cells. Once in the
marrow, cancer cells can interact directly and indirectly with
osteoblasts and osteclasts, as well as hematopoietic and
stromal cells. Cancer cells secrete factors that affect the
network of cells in the bone microenvironment as well as
interact with other cytokines. Additionally, transient cells of
the immune system may join the local mileau to ultimately

support cancer cell growth. However, most metastasized
cells that enter the bone marrow are transient; a few may
remain in a dormant state for many years. Advances in
understanding the bone cell-tumor cell interactions are key to
controlling, if not preventing metastasis to bone.
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1 Tumor cell metastasis

The skeleton is a favored site of metastasis for a number of
common tumors. Bone metastases are by far more prevalent
than primary tumors of the bone. Based on post-mortem
examination, approximately 70% of patients who die from
breast or prostate cancer have bone metastases [1]. The
incidences from thyroid, kidney, and lung cancer also are
high (about 40%). In contrast, it has been noted that bone
metastases from cancers of the gastrointestinal tract are
uncommon. In many cases, cancer cell metastases are
diagnosed in patients before diagnosis of the primary
disease. A better understanding of the specificity and the
pathogenesis of metastasis will allow for better therapeutic
treatments and quality of life for patients.

The metastasis of a primary tumor to distant organs
requires a series of coordinated steps. Proliferation of the
primary tumor is supported by tumor autocrine factors or
local growth factors, such as vascular endothelial growth
factor (VEGF), tumor growth factor-beta (TGF-β), and
interleukin-6 (IL-6). For a tumor to reach a clinically
detectable size, localized neovascularization or angiogenesis
must occur. The development of new blood vessels provide
an endless supply of nutrients as well as a route for tumor
cell migration to secondary sites. Subsequently, local
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invasion takes place, which is accomplished by the destruc-
tion of the extracellular matrix, including the basement
membrane and connective tissue. The process of invasion
through a basement membrane is a hallmark characteristic of
a metastatic cell. Additionally, tumor cells experience
increased motility and reduced adherence allowing them to
migrate into lymph or blood vessels. Intravasation into blood
vessels at the primary site may occur as a result of excess
force or response to a soluble chemotactic factor gradient.
After circulating through the vasculature, tumor cells may
adhere to vessel endothelium of the target organ and
extravasate into the tissue. This movement is facilitated by
cancer cell secretion of matrix metalloproteinases (MMPs)
and cathepsin-K that destroy surrounding tissue. Finally,
tumor cells thrive at the secondary site, a defining
characteristic of metastatic tumor cells, only if there is an
appropriate environment of paracrine or autocrine factors
that aid in growth and vascularization [2–4]. The distribution
pattern of cancer cells to the bone is believed to be due to the
venous flow from breast and prostate towards the vena cava
and into the vertebral venous plexus [5]. Once in the
circulation, entry of the cancer cells into the venous
circulation of the bone marrow may be facilitated by the
slow blood flow and particular anatomy of the venous
sinusoids. Nonetheless these steps alone do not explain
survival and growth of the cancer cells in the bone.

2 Bone structure

In order to understand the bone-tumor microenvironment,
one must consider bone structure and function. Bone is a
specialized type of connective tissue, which provides
structural support, protective functions, and plays a major
role in the regulation of calcium levels in the body [6].
Type I collagen accounts for 95% of the organic bone
matrix [7]. The remaining 5% includes proteoglycans and
a variety of other non-collagenous proteins [6]. This
largely collagenous matrix is hardened through the
mineralization process, in which hydroxyapatite (3Ca
[PO4]2[OH]2) crystals are deposited in the organic matrix
[8]. Mineralization increases bone resistance to compres-
sion [9], and also contains numerous growth factors,
including TGF-β, which are released upon bone resorption
[10].

The bones of the body are classified as long bones (e.g.
the tibia, femur, and humerus) and flat bones (e.g. the skull,
ileum, and mandible). Both types contain cortical and
trabecular bone, albeit in different concentrations. Cortical
bone, the compact, dense outer protective layer of bone, is
made up of tightly packed collagen fibrils [6]. This form of
bone is vital for supporting the weight load of the body. On
the other hand, trabecular bone, also known as cancellous

bone, has a loosely organized, porous matrix and is located
in the interior of bone, near the ends. Trabecular bone is
metabolically active. All bone matrix undergoes remodeling,
but trabecular bone has a greater turnover rate than cortical
bone [6].

Long bones are divided into the diaphysis, metaphysis,
and epiphysis in a growing individual [11] (Fig. 1). The
long bone ends, or epiphyses, are located above the growth
plate, where bone elongation occurs. The diaphysis, which
is the long, narrow shaft of the bone, is primarily
composed of cortical bone. The metaphysis, located near
the ends of bones just below the growth plate, is
predominantly composed of trabecular bone and is
surrounded by hematopoietic marrow, fatty marrow, and
blood vessels [11].

3 Cells in the bone microenvironment

Bone is a dynamic structure that undergoes constant
remodeling in order to respond to mechanical strain and
maintain calcium homeostasis. Bone resorption and depo-
sition occur in a tightly regulated fashion that is orches-
trated by three cell types: osteoblasts, osteocytes, and
osteoclasts. Osteoblasts are derived from mesenchymal
stem cells located in the bone marrow stroma. They
synthesize osteoid (i.e. new bone matrix), comprised
primarily of collagen and non-collagenous proteins, and
also aid in mineralization of the bone matrix. Upon
stimulation by bone morphogenetic proteins and local
growth factors, the mesenchymal stem cells proliferate
and form pre-osteoblasts, which subsequently differentiate
into mature osteoblasts [12]. After synthesizing new bone

Fig. 1 Diagram of a long bone indicating the major regions and the
major structures within the metaphysis, i.e. trabecular bone and the
sinusoidal endothelium
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matrix, the osteoblast either undergoes apoptosis or
becomes embedded in the bone as an osteocyte [13]. These
cells have long processes that allow them to remain in
contact with other osteocytes and with osteoblasts that line
the bone surface. The processes connect the entire matrix
through a series of canaliculi [14, 15].

Osteoclasts, responsible for bone resorption, are derived
from monocytes in the bone marrow [16]. Monocytes are
activated to form osteoclasts through osteoblasts. Osteo-
blasts express the receptor-activator for NF-κB ligand
(RANK-L) on their external surfaces; RANK-L binds to
the receptor RANK found on the surface of monocytes. In
the presence of macrophage colony stimulating factor
(M-CSF), RANK-L promotes cellular fusion of several
monocytes to form a multinucleated osteoclast [16].
Activated osteoclasts bind to the bone matrix through
αvβ3, αvβ5, α2β1 integrins located on the membrane
surface and also secrete acid and lysosomal enzymes which
degrade bone [13, 16].

Other cell types located within the bone microenviron-
ment may also contribute to the bone metastatic niche.
These cells can generally be grouped into two categories:
stromal and transient. Mesenchymal stem cells in the bone
marrow give rise to stromal cells which can differentiate
into adipocytes, fibroblasts, chrondrocytes, or osteoblasts.
Stromal cells have been found to support the differentiation,
proliferation, and survival of both hematopoetic and cancer
cells. In particular, it has been found that stromal cells express
vascular cell adhesion molecule (VCAM-1). Michigami and
colleagues discovered that the presence of VCAM-1 on
stromal cells increased the production of bone-resorbing
cytokines by myeloma cells. Neutralizing antibody to
VCAM-1 or to α4β1 integrin reduced osteolysis [17]. The
adipocyte has been found to secrete tumor necrosis factor-
alpha (TNF-α), IL-6, and leptin, which stimulate bone
resorption and inhibit osteoblast proliferation [18, 19].
Factors secreted by adipocytes have also been implicated in
breast cancer proliferation, invasiveness, survival, and
angiogenesis [19]. Another type of mesenchymal cell, the
fibroblast, has been shown to affect breast cancer cell
invasion and contribute to metastatic bone disease. Fibro-
blast-secreted syndecan-1 was found to increase breast cancer
cell proliferation in vivo [20]. In addition, fibroblasts secrete
inactive MMP-2, which can be activated by breast cancer
cells to subsequently increase their invasiveness and migra-
tion [21]. Fibroblasts have also been found to stimulate
osteoclasts, and thus bone resorption, in a RANK-L
dependent manner [22].

Vascular endothelial cells contribute to the formation of
a favorable cancer cell microenvironment. New blood
vessels, which arise from endothelial cells, are essential
for the survival of cancer cells. Investigators have shown
that the bone marrow, which has a high microvessel

density, is associated with increased bone-tumor metastasis
and survival of tumor cells [23]. It has also been found that
many tumor-cell secreted factors stimulate endothelial cell
proliferation, differentiation, and angiogenesis [23], thus
producing a feedback loop that facilitates tumor cell
survival in a secondary location.

Transient cells also contribute to the metastatic bone
microenvironment. These cells include erythrocytes, T
cells, and platelets, all derived from hematopoietic stem
cells. In one study it was shown that platelets were directed
by MDA-MB-231, a metastatic breast cancer cell line, to
secrete LPA (Lysophosphatidic acid ([1-acyl-sn-glycero-3-
phosphate]), a phospholipid with diverse biological activ-
ities [24]. Overexpression of this molecule and its receptor
has been shown to increase tumor growth and metastasis
[25]. Platelets may also adhere to cancer cells in the blood
stream, allowing them to evade natural killer immune cell
surveillance [26]. In addition, platelets may aid in cancer
cell attachment to vascular endothelial cell walls [26]. T
lymphocytes have been found to express RANKL, also
known as TRANCE, and aid in osteoclast formation and
activation [16, 27]. Peripheral T cells also secrete TNF-α,
which is involved in osteoclastogenesis, inhibits osteoblast
cell differentiation, and is a pro-apoptotic factor for
osteoblasts [27, 28]. Besides enhancing osteoclastic bone
resorption, T cells may be affected by bone metastatic
cancer cells as well. As bone resorption is enhanced,
TGF-β is released from the bone. This factor can inhibit
both T cell proliferation and activity, and natural killer cell
function [29]. Thus the immune response is suppressed and
tumor cells may escape surveillance. In addition, tumor
cell-secreted parathyroid hormone related peptide (PTHrP)
and IL-8 may activate T cells, thus enhancing bone
resorption and suppressing T cell function [29]. Plasma
cells, or antibody-producing B cells, upregulate the receptor
CXCR4 upon completion of differentiation [27]. Breast
cancer cells, as well as stromal cells, express the ligand to
this receptor CXCL12 [Stromal-derived factor-1 (SDF-1)]
[27]. This ligand-receptor interaction may facilitate cancer
cell migration into and within the bone microenvironment.

Tumor-associated macrophages (TAMs) are an important
component of the inflammatory response in tissues [30].
These cells are derived from monocytes and are recruited
by monocyte chemotactic peptide (MCP) chemokines [30].
Although activated TAMs kill many cancerous cells
through secretion of IL-2, interferon, and IL-12, they also
secrete a variety of potent angiogenic and lymphangiogenic
growth factors, cytokines, and proteases [31, 32], all of
which are involved in the promotion of tumor cell growth
and survival. TAMs, as well as tumor cells, produce IL-10
which suppresses the anti-tumor response of cytotoxic T
cells [33]. TAMs also induce the expression of VCAM-1 on
mesothelial cells, which can aid in tumor cell invasion [34].
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4 Bone remodeling

Mineralized bone has an abundance of growth factors,
calcium ions, cell adhesion molecules, cytokines, and
chemokines that, when released into the microenvironment
during bone remodeling, make the skeleton an attractive
site for metastatic cancer cells. This observation was first
described in 1889 by Stephen Paget, who recognized the
nonrandom movement of cancer cells within the body that
was unexplained by blood flow. Paget stated “When a plant
goes to seed, its seeds are carried in all directions; but they
can only grow if they fall on congenial soil” [35]. This
‘seed and soil’ hypothesis helps to explain the preferential
metastasis of certain types of cancers to the bone
microenvironment, which provides a fertile soil where
cancer cells can grow. Osteoclasts further contribute to this
environment by acting as plows to break up the ‘soil’ and
release its ‘nutrients’ for cancer cell growth and mainte-
nance. Studies have shown that there is a close relationship
between bone resorption and tumor cell growth [36].

The relative activities of osteoblasts and osteoclasts are
normally tightly coupled in order to maintain a balance
between bone formation and degradation. Bone remodeling
is regulated both by systemic hormones and locally produced
cytokines [37]. Cells in the bone marrow, especially stromal
and immune cells, produce cytokines and growth factors that
influence the activities of osteoblasts and osteoclasts [38].
However, this balance between bone synthesis and resorption
is disturbed in several pathological conditions, including
osteoporosis, rheumatoid arthritis, and skeletal metastases,
resulting in osteoclast activity in excess of bone deposition
by osteoblasts with net bone loss [38].

Osteoclasts likely prime the bone microenvironment for
tumor cell growth through bone resorption. Although there
is no definitive evidence linking increased bone resorption
to increased tumor cell mass, a variety of studies have been
carried out with bisphosphonates to investigate this rela-
tionship. Bisphosphonates are inorganic pyrophosphates
with powerful inhibitory effects on bone resorption. One of
their main targets is the osteoclast. Powles et al. showed
that the administration of a bisphosphonate, clodronate, was
associated with both decreased bone metastasis and death
rate in patients with breast cancer [39]. Risedronate was
found to reduce tumor burden in addition to osteolytic bone
lesions in a nude mouse model [40]. Furthermore, nude
mice treated with neutralizing antibodies to PTHrP (key
factor involved in the ‘vicious cycle’ of bone metastasis),
also experienced a decrease in tumor burden compared to
controls [41, 42]. Even though inhibitors to bone resorption
seem to reduce tumor burden in bone, the same does not
hold true for soft tissues [39]. In the study carried out by
Powles et al., the idea that inhibitors of osteolysis slowed
tumor growth in soft tissue was refuted [39]. In addition,

there are pre-clinical data suggesting that bisphosphonates
have no effect on tumor burden in soft tissues if the drugs
are administered after the metastases are already formed
[3]. Taken together, these studies illustrate the importance
of osteoclasts and the uniqueness of the bone microenvi-
ronment for tumor cell growth.

In patients with bone metastatic cancer, usually one of
two types of lesions predominate: osteolytic or osteoblastic,
although mixed lesions may occur especially early on [36].
During osteolytic metastases, typical for breast cancer
metastases, osteoclastogenesis and osteoclast activation
results from direct and indirect actions by metastatic cancer
cells. Increased bone resorption results. Mastro and
colleagues additionally found that bone metastatic breast
cancer cells suppress osteoblast function, which includes
decreased matrix deposition, decreased proliferation, altered
adhesion, and loss of osteoblast differentiation [43–45].
These phenomanae together favor a microenvironment of
increased bone turnover with decreased bone deposition
similar to that seen in osteoporosis.

On the other hand, cancers such as prostate cancer tend
to be predominantly osteoblastic in nature. Excess bone
deposition occurs but not necessarily in an ordered fashion.
While little is known about the exact mechanisms,
endothelin-1 has been implicated in osteoblastic breast
cancer metastases [46, 47]. Endothelin-1 has been found to
stimulate the formation of new bone through osteoblast
proliferation [48], and serum endothelin-1 levels were
found to be increased in patients with osteoblastic prostate
cancer metastases [49]. In addition to endothelin-1, platelet
derived growth factor-BB (PDGF-BB) may also be a
mediator for osteoblastic metastases. In a study done by
Yi et al., increased expression of PDGF-BB by human
metastatic breast cancer cells was correlated with increased
bone formation [50]. The exact mechanism has yet to be
determined. Regardless of the lesion type, these observa-
tions underscore the importance of crosstalk between
cancer cells and the bone microenvironment which facili-
tates bone metastases.

Clinically, patients with breast cancer and other osteolytic
metastases but also with osteoblastic prostate bone metastases
are treated with bisphosphonate drugs that block osteoclast
activity. However, therapies utilizing bisphosphonates, such
as ibandronate (Boniva™), are not curative [51]. Lesion
progression is slowed, but the pre-existing lesions do not
heal [52–55]. Severe bone pain, fractures, hypercalcemia,
and spinal cord compression may still occur [3, 10, 56, 57].
The inability of bone to regenerate following bisphosphonate
treatment supports the in vitro finding that breast cancer cells
alter osteoblast function in addition to stimulating osteoclast
activity.

Not all bones of the skeleton are equally favored for
metastases. The spinal vertebrate, ribs, and the ends of long
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bones are preferred destinations of metastases. In general,
well vascularized areas and areas of the skeleton containing
red marrow are the sites of metastatic colonization. In
osteoblastic metastases, bone deposition is usually made on
trabecular bone surfaces without prior removal of old bone,
but it may also be at sites of prior resorption. In myeloma, a
malignancy of B cells, the plasma cells accumulate in the
bone marrow and lead to osteolysis. Activation of osteo-
clasts and bone resorption far exceed bone deposition in
this disease. Whether the lesions are overall lytic or blastic,
the outcome is bone pain, pathological fracture, nerve
compression syndromes and hypercalcemia [58].

5 The metaphyseal region of the bone has unique
properties that distinguish it from the diaphysis

Scintigrams of humans with advanced disease clearly
indicate that highly vascularized metaphyseal bone is a
preferred site for secondary metastasis [1]. A trafficking
study with a nude mouse model of metastatic breast cancer
revealed that within 2 h of an inoculation of a bolus of
metastatic breast cancer cells into the left ventricle of the
heart, cancer cells were detected throughout the femur.
However, by 24 h they had been cleared from the shaft
(diaphysis) but remained at the metaphysis where they grew
into large tumor masses [59]. The unique properties of the
bone metaphysis make it an attractive site for metastatic
cancer cells.

6 Metaphyseal bone: structure and vascularity

Metaphyseal bone is a highly vascularized structure found
near the ends of long bone, in ribs and in vertebrate. It is
composed of a network of thin bone spicules, sometimes
referred to as “spongy bone.” In long bones, these spicules
appear as mineralized fingers interspersed with red marrow
and are in close proximity to the blood supply. The marrow
contains hematopoietic, mesenchymal, and stromal cells.
The vascular supply is sinusoidal in nature rather than a bed
of capillaries. Lining the trabecular bone surfaces are
osteoblasts and bone lining cells which share many
properties [60]. Bone lining cells are believed to differen-
tiate into osteoblasts when necessary for bone remodeling.
The osteoblasts, as well as the marrow cells, provide an
environment rich in growth factors, cytokines and chemo-
tactic factors. These factors, and the vascular structure of
the trabecular bone, are crucial for metastatic cancer cell
colonization and growth.

The interactions of metastatic breast cancer cells with the
vasculature has recently been well documented by Glinsky
[61] and is only briefly summarized here. Metastatic foci

are often seen where the sinusoid microvasculature is
abundant [62]. This phenomenon is likely related to the
unique anatomic, hemodynamic, and epithelial properties of
the metaphyseal vascular bed. For one, the vasculature does
not end in capillaries of small diameter as in most tissues.
Instead it consists of voluminous sinusoids with lumens
many times the diameter of cancer cells [63]. The sinusoids
are within a few microns of the trabecular bone [64]. This
unique structure leads to a sluggish flow of blood compared
to that seen in the capillary networks of most other tissues
[63]. For example, Mazo et al. found the blood flow in
venous sinusoids of mouse calvaria to be 30 fold lower than
the arterial rate. In another animal model, blood flow rates
in canine long bone were assessed with microspheres [65].
It was found that metaphyseal and marrow cavity flow rates
in sinusoids were 7–14 ml/min/g tissue, much slower than
more rapidly metastasizing tissue such as the post-prandial
intestine [66]. Thus cells entering the sinusoids are more
“in a lake than in a stream.” In addition, sinusoids are
specialized to allow easy movement of hematopoietic cells
in and out of the marrow. The walls of the sinusoids are
trilaminar and their structure helps explain why tumor cells
can easily enter and leave [63]. Stromal endothelial cells
line the sinusoidal lumen. These cells do not have tight
junctions but may overlap or interdigitate. They rest on a
basement membrane, the middle layer, which is irregular
and discontinuous. The third layer, facing the bone marrow,
is composed of adventitial cells, a type of phagocytic cell,
which also do not form a tight layer. Thus the nature of the
sinusoidal walls allows for easy two-way movement of
hematopoietic and lymphoid cells. This structure is used
advantageously by cancer cells [67].

Nevertheless, cellular entry into the sinusoids and
migration into the marrow are not sufficient to insure
colonization by the cancer cells. In a mouse study, it was
observed that many more cancer cells entered the marrow
cavity of the femur than remained to colonize it [59].
Presumably, many metastatic cancer cells in the blood can
circulate through the bone, but few remain. Cancer cells,
similar to leukocytes, migrate through the vasculature using
a process of attachment-detachment through cell-adhesion
molecules. The endothelial cells of the bone sinusoids
constitutively and simultaneously express an array of
tethering and adhesive proteins including P-selectin,
E-selectin, intercellular adhesion molecule (ICAM-1) and
VCAM-1. The vasculature of other tissues only express
these molecules when stimulated by inflammatory cyto-
kines [63]. Moreover, vasculature in one part of the bone
may be different than other parts. Indeed Makuch et al. [68]
found expression of P-selectin, E-selectin, ICAM and
VCAM by vascular endothelial cells isolated from trabec-
ular bone and from diaphyseal bone. However the
endothelial cells from the trabecular bone but not diaphy-
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seal bone showed a significantly increased expression in E-
selectin when exposed to conditioned medium from immature
osteoblasts. These data can be interpreted to suggest that
osteoblasts of immature, metabolically active bone enhance E-
selectin expression by nearby endothelial cells. This increase
in cell attachment molecules would in turn enhance cancer cell
extravasation into the bone marrow. Furthermore as discussed
further on, inflammatory cytokines produced by osteoblasts in
the presence of breast cancer cells may cause an even greater
increase in cancer cell migration. In complementary
approaches, others found that prostate cancer cells showed
increased adherence to bone marrow microvasculature endo-
thelium than from endothelium of other anatomical sites [69,
70]. Similar findings were reported for breast cancer [71,
72].

7 Adhesion molecules of the vascular endothelium

There has been an ongoing discussion of the roles of
adhesion vs. entrapment in the movement of cancer cells
into organs. The “leaky” vasculature suggests that entrap-
ment is not the limiting event in bone metastasis. To the
contrary, adhesion of metastatic cancer cells to the
endothelium appears to play a specific and critical role.
Evidence for the role of adhesion molecules has been
found, both with prostate and breast cancer cells, which
may explain their predilection to the bone [61]. For tumor
cells to reach the bone marrow there must be a selective
adhesion of the circulatory tumor cells to the endothelium
of the bone marrow sinusoids. Therefore the adhesion
molecules of the endothelium are of utmost importance.

The movement of cancer cells across the endothelium in
the bone marrow has been likened to the movement of
leukocytes across the endothelium. While the general
patterns are likely the same, the actual molecules involved
may differ [73–75]. The reported roles of various adhesion
molecules may relate to the particular system, i.e. primary
or secondary tumors and the specific organ. For example,
selectin-mediated binding of colon cancer cells has been
demonstrated to be important for their adhesion to the
hepatic microvasculature [76]. This association may not
hold for other metastatic tumors [61]. Makuch et al. [68]
reported that active osteoblasts influenced E-selectin (but
not P or S-selectin) expression on metaphyseal endothelium.
The expression of E-selectin depended both on the stage of
differentiation of the osteoblasts and the source of the
microvasculature endothelium within the bone marrow.
Galactin-3 is another molecule that participates in tumor
cell, bone microvasculature associations. Galactin-3 and its
ligand Thomsen–Friedenreich (TF) antigen are found both
on many cancer cells and on microvasculature endothelium.
Their interaction appears to be important for the primary

arrest of the tumor cells [71, 77]. Another well studied
molecule is CD44, the principle cell surface receptor for
hyaluronic acid (HA). It is frequently over-expressed on
malignant cells. In model systems, its expression correlates
with the rate and strength of cancer cell interaction with bone
marrow endothelium. CD44 expression on the surface of
bone marrow endothelial cells likely acts to bind HA. Cancer
cells and bone marrow endothelial cells both appear to
express CD44 and HA, and the interaction of the two leads
to tethering of the cancer cells to the bone marrow. In
addition, there are associated data to suggest that activation
of CD44 by HA or by osteopontin is important in
downstream signaling through CD44 in bone.

8 Adhesion molecules within the bone marrow cavity

Coordinated bone remodeling involves extensive cell–cell
and cell–matrix interactions among osteoblasts, osteoclasts,
and bone marrow resident stromal and hematopoietic cells.
The sinusoidal endothelium of the bone marrow is a two-
way gate, allowing movement in both directions of newly
formed and recirculating lymphocytes, hematopoietic stem
cells as well as neoplastic cells. The trafficking patterns are
organized by adhesion molecules on the circulating cells as
well as on the bone marrow reticulocytes. VCAM-1, a
member of the immunoglobulin family of cell adhesion
molecules, was shown by a radiolabeling technique to be
constitutively expressed by bone marrow reticular cells as
well as the entire endothelium of the bone marrow sinusoids
[78]. Its counter receptor, VLA-4 (α4β1), and ICAM-1,
which belongs to a similar family and binds α2β1 integrins,
are found on many cancer cells. Thus adhesion molecules
which serve normal bone metabolism can be used to the
advantage of metastatic tumor cells.

Another integrin member, αvβ3 is associated both with
breast cancer [79] and osteoblast function [80, 81].
Interestingly, it is over-expressed in metastatic breast cancer
cells once they enter the bone [82]. It is the predominant
integrin on osteoclasts and appears to be important for
syncytia formation and attaching to the bone matrix [83].
Peptomimetic inhibitors of αvβ3 were found to significantly
reduce metastatic cancer formation when injected prior to
tumor cells in a mouse model. However, there was less of an
effect when administered after tumor inoculation [84]. The
expression of adhesion molecules by osteoclasts has been
fairly well determined [85]. Three integrins, αvβ3, α2β1, and
αvβ1, and CD44 are present on osteoclasts.

The survival of cancer cells in the bone depends on their
interactions with other cells. Interactions may be physical,
with cell adhesion molecules, or through secreted mole-
cules, such cytokines, chemokines, and other growth
factors. Adhesion to various cells in the metastatic site
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controls anti-apoptotic and proliferative signals (see [84]).
Thus the bone marrow displays numerous adhesion
molecules that offer opportunities for interactions between
cancer cells and normal cells. Some of these interactions do
not occur until the cancer cells are in the bone marrow
environment after they express new adhesion molecules.

9 Bone remodeling and inflammation

Rodan [86] in an overview of skeletal development and
function, points out the similarities between bone remodel-
ing and inflammation. Many of the same cytokines
produced by the immune cells as part of an inflammatory
response are also produced by osteoblasts. Some of these,
IL-1, IL-11, IL-6, PGE and PTHrP, are also osteoclasto-
genic. Furthermore, both osteoblasts and osteoclasts ex-
press toll-like-receptors [87] and respond to trauma,
bacterial infection, and metastases with the production of
these same molecules [88–90]. In particular, a set of
inflammatory stress molecules (IL-6, IL-8, MCP-1, COX-
2) appears in normal bone remodeling as well as under
these pathogenic conditions [88]. These factors are made by
osteoblasts but can also be produced by macrophages. They
attract and activate osteoclasts. Osteoclasts degrade bone
matrix, leading to the release of many growth factors. This
combination of factors creates a very hospitable environ-
ment for cancer cells.

10 Cytokines and chemokines

Once established in the bone microenvironment, a ‘vicious
cycle’ is created among metastatic tumor cells, osteoblasts,
and osteoclasts that facilitates increased bone turnover and
metastatic cell survival. Guise et al. developed a model of
breast cancer metastasis to the bone, based on breast cancer
cell overproduction of PTHrP [3, 91] that activates osteo-
blasts to produce RANK-L. Osteoblast-secreted RANK-L
binds the RANK receptor on osteoclasts, inducing osteo-
clast differentiation and bone matrix degradation. In turn,
TGF-β, released from the bone matrix, stimulates the
cancer cells to produce more PTHrP [43], thus establishing
a positive feedback loop. There is additional evidence that
breast cancer-derived IL-8 acts prior to PTHrP to stimulate
osteoclastogenesis via both RANK-L dependent and inde-
pendent mechanisms [92–94]. As a result of constituitive
osteoclast activation and an inability of osteoblasts to lay
down bone matrix, sustained bone degradation occurs [45,
54]. This feedback establishes a vicious cycle, resulting in
continued activation of osteoclasts and breast cancer cells.
Ultimately, osteolytic lesions are formed at sites of
metastases [10, 57].

It should be noted that the presence of PTHrP is not
sufficient for cancer cell metastases to the bone. In a study
in which 526 patients with operable breast cancer were
examined, it was found that those with PTHrP-positive
primary tumors had improved survival and were less likely
to develop bone metastases [95]. In those patients with
bone metastases, PTHrP presence was found not to be
significantly associated with tumor size, vascular invasion,
or tumor grade [95]. Thus, it is likely that bone metastases
are influenced by other factors in the bone microenviron-
ment besides PTHrP.

In addition to the PTHrP, Bendre et al. found an
important role for IL-8. IL-8, the human homolog to
murine MIP-2, belongs to the family of CXC chemokines
and is naturally constitutively produced by osteoblasts [93,
96, 97]. IL-8 is overexpressed in a bone-homing derivative
of MDA-MB-231 human metastatic breast cancer cells
suggesting an important role in bone metastasis [94].
IL-8 can stimulate osteoclastogenesis by increasing
RANK-L or stimulate the formation of osteoclasts in the
absence of RANK-L [92]. It is believed that IL-8 is
involved in the early stages of breast cancer metastasis by
initiating the bone resorption process [93]. IL-8 also has
been shown to increase angiogenesis and suppress osteoblast
activity [98, 99]. In addition, IL-8 increases cell motility,
invasion, and metastatic potential in breast cancer [93]. If
overexpressed in breast cancer cells, IL-8will lead to increased
bone metastasis and osteolytic activity [94]. IL-8 stimulates
osteoclast activity independently of RANK-L [92]. Bendre
et al. suggested that the vicious cycle with PTHrP is first
initiated by breast cancer cells secreting IL-8, thereby
stimulating bone resorption by osteoclasts. The release of
TGF-β from the bone matrix then stimulates cancer cells to
produce more PTHrP, thus continuing the vicious cycle [93].

COX-2 and PGE2 also have been found to contribute to
osteoclast activitation and facilitate the creation of a
microenvironment favorable for cancer cell metastasis.
COX-2 levels and activity correlate with cancer cell
metastasis both in vitro and in vivo [100–102]. COX-2
expression also has been implicated in the growth, invasion,
apoptosis, and angiogenesis of breast cancer [103–105].
COX-2 expression in patients with cancer has shown to be
a negative prognostic factor [106]. Singh et al. recently
conducted a study investigating the involvement of COX-2
in breast cancer metastases to the bone [107]. Interestingly,
overexpression of COX-2 correlated with increased pro-
duction of IL-8 [108], which has also been linked to
increased metastatic occurrence [94]. Singh et al. found that
COX-2 induced both the formation of PGE2 and IL-
8 specifically in bone metastatic breast cancer cells. Since
PGE2 and IL-8 are mediators of osteoclast activation [109]
(through direct or indirect mechanisms of stimulation of
RANKL [92]), a system in which there is overexpression of
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COX-2 would favor osteolytic cancer metastases. In
addition, Hiraga et al. discovered that bone-derived TGF-
β stimulated COX-2 expression, thus enhancing bone
metastases in breast cancer [110]. TGF-β, released from
the bone during bone resorption, stimulates COX-2
expression and subsequently PGE2 expression in breast
cancer cells. PGE2 upregulates RANKL expression on
osteoblasts, leading to osteoclast activation and increased
bone turnover [110]. Finally, Hall et al. investigated the
involvement of Wnts, a family of glycoproteins [111], in
the promotion of osteoblastic bone metastases in prostate
cancer [112]. They found that promotion of Wnt activity
(by blocking the Wnt antagonist DKK-1), led to enhanced
osteoblastic bone metastases in typically osteolytic PC-3
prostate cancer cells [112]. These results suggest that the
involvement of DKK-1 dictates whether bone metastases
are osteoblastic or osteolytic, and once again emphasize the
importance of the bone microenvironment.

Cancer cell secreted IL-1, IL-6, and IL-11 have also been
found to increase osteoclast activation. IL-6 is a pleiotropic
cytokine that is naturally expressed by osteoblasts in low
quantities. IL-6 receptors are found on osteoclasts and when
stimulated, cause osteoclast differentiation and bone re-
sorption [113]. There is a correlation of poor prognosis with
increased IL-6 expression and metastatic breast cancer. IL-6
additionally has been implicated with increased breast
cancer cell migration [114–116]. IL-1 is also a potent
stimulator of osteoclast activation. To explore the notion
that increased bone turnover attracts metastatic cancer cells,
Sasaki et al. increased bone resorption by injecting
recombinant IL-1β locally over the calvaria of nude mice
[117]. Four weeks after cancer cell inoculation, osteolytic
metastatic cancer cells were found in the calvariae of IL-1
treated mice. None were seen in the control. IL-11 is an
additional key player in osteoclast activation. It has been
reported that IL-11 mediates the actions of IL-1 on
osteoclast development [118]; however, IL-11 has indepen-
dent effects on osteoclast activity [119]. IL-11, IL-1, and
IL-6 have all been found to be involved in an interacting
cascade of cytokines which play a large part in osteoclast
development and activity. Increased osteoclast activity
subsequently creates a bone microenvironment that favors
cancer cell metastasis, growth, and development. IL-1
contributes to the production of IL-11 and IL-6 [118]. IL-6
and IL-11 production are also regulated by IL-1, growth
factors such as PDGF, IGF-1, and TGF-β, vitamin D,
PTHrP, and PTH [119, 120].

11 Bone matrix is fertile soil for metastatic cancer cells

During bone deposition, osteoblasts secrete a variety of
growth factors, such as IGF, TGF-β, FGF, and BMPs, that

become incorporated into the bone matrix [121]. As bone
resorption occurs, these factors are released into the bone
microenvironment, making it an attractive place for cancer
cells to metastasize and grow [122]. TGF-β released from
the bone, in particular, has been found to stimulate the
expression of CTGF, IL-11, and PTHrP by cancer cells [42,
123]. These factors are involved in tumor metastasis to
bone and subsequently promote additional bone resorption,
leading to the release of more growth factors and further
preferential tumor metastasis to bone. Growth factors
released during bone remodeling and present in the bone
microenvironment may be chemoattractive molecules for
the cancer cells. Orr et al. and Mundy et al. using a Boyden
Chamber assay both demonstrated that the release of
growth factors during bone resorption stimulated the
chemotaxis of cancer cells [124, 125]. Additionally,
cytokines have been implicated in cancer cell chemotaxis
to bone. The SDF-1/CXCR4 axis is a ubiquitous chemo-
taxis mechanism in normal biology and is used for directed
migration of a variety of immune and hematopoetic cells
[126–129]. Jung et al. found that SDF-1 is secreted by
osteoblasts, and that certain factors, namely IL-1β, PDGF-
BB, VEGF, tumor necrosis factor-alpha (TNF-α), and PTH,
act on osteoblasts to increase SDF-1 production [130].
Consequently, many of these cytokines play a role in
increasing osteoclast activity during bone resorption [119,
120]. Furthermore, the results of this study suggested that
osteoblast secretion of SDF-1 may be a chemotactic
mechanism for stem cell homing. It goes without saying
that the SDF-1/CXCR4 axis may be involved in cancer cell
chemoattraction as well. In fact, Muller et al., among others
[131, 132], explored the idea that metastatic breast cancer
cells were responsive to gradients of chemokines [133].
CXCR4 was found to be highly expressed on metastatic
breast cancer cells, and its ligand, SDF-1 was found to be
highly expressed in organs to which cancer cells preferen-
tially metastasizes (such as bone) [133]. Treatment with a
neutralizing antibody to CXCR4 suppressed bone meta-
static breast cancer [133]. Sun et al. conducted a similar
study using prostate cancer as a model and found
comparable results [134]. Once in bone, cancer cells
become tethered by integrins and cell adhesion molecules
as previously described [135, 136].

Current models suggest that chemokines and cytokines
produced by breast cancer cells are key to breast cancer cell
metastasis [92–94, 137]. Elevated levels of IL-8 production
by human breast cancer cells have been correlated with
increased bone metastasis in vivo and with stimulation of
osteoclast differentiation and bone resorption [92, 94].
Tumor-derived IL-1, IL-6, and IL-11, insulin-growth
factor-II, TNF-α, and a variety of other factors can also
contribute to osteoclast activation and bone destruction [98,
138].
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While breast cancer cells undoubtedly play an important
role in breast cancer metastasis to the bone, data have
shown that osteoblasts can be directed by the breast cancer
cells to produce several inflammatory cytokines that have
been implicated in osteoclast activation as well as breast
cancer cell migration and survival [93, 139–143]. (Table 1
gives a brief summary of some relevant cytokines and their
sources in the bone.) Kinder et al. demonstrated that
osteoblasts undergo an inflammatory stress response in the
presence of human metastatic breast cancer cells and
produce elevated levels of IL-6, human IL-8 (murine KC,
MIP-2), and MCP-1 [144]. These cytokines are known to
attract, differentiate, and activate osteoclasts; thus co-opting
osteoblasts into creating a bone microenvironment that
exacerbates bone loss [144]. Similar findings were seen
with murine osteoblasts and primary calvarial osteoblasts
[144]. These results support the idea that cancer metastases
create a unique niche in the bone microenvironment by co-
opting normal cells of the bone to favor tumor growth and
development.

Furthermore, Mastro and colleagues have preliminary in
vivo evidence that osteoblasts themselves in the bone
naturally produce cytokines that may be chemoattractants
for metastatic breast cancer cells. In particular, they showed
that metaphyses of bone cleared of bone marrow produced
chemokines and cytokines that were different from those in
the diaphysis (shaft). Prominent among these were KC
(present only in the metaphyses), MIP-2 (murine homolog
to human IL-8), and MCP-1 (Fig. 2) (Bussard and Mastro,
2007, unpublished data).

These cytokines were strongly observed in cultures of
the bone metaphysis alone and not found in cultures of
bone marrow from the metaphysis (Bussard and Mastro,
2007, unpublished data). This observation suggests that the
cytokines were specifically produced by the cells of the
bone (i.e. osteoblasts) and not the stromal cells. Murine IL-6,
KC, and MIP-2 located in femur metaphyses were also
found to be increased in the presence of human metastatic
breast cancer cells compared with femur metaphyses from
control mice (Bussard and Mastro, 2007, unpublished data).

Finally, a novel experiment was conducted to monitor and
quantify the initial stages (arrival, localization, and initial
colonization) of breast cancer cell trafficking in the bone
[59]. The DNA from femurs of mice inoculated with MDA-
MB-435GFP cells via intracardiac injection were isolated at
various times, purified, and subjected to quantitative PCR for
a human gene, HERV-1, and the number of breast cancer
cells calculated. Femurs were separated into metaphyses and
diaphyses. Results indicated that breast cancer cells prefer-
entially migrated within days directly to the distal then
proximal metaphyses. Few were found in the diaphyses [59].
These results additionally support the idea that metastatic
breast cancer cells may follow a gradient of chemoattractant
cytokines as well as suggests the importance of the local
bone microenvironment.

In addition to IL-6 and IL-8, KC and MCP-1 are
osteoblast-derived cytokines that greatly increase in re-
sponse to metastatic breast cancer cells (Bussard and
Mastro, 2007, unpublished data). MCP-1, a member of
the CC chemokine family, is naturally produced by
osteoblasts [96]. It regulates bone resorption by stimulating
the migration of common monocyte-osteoclast progenitor
cells from the blood or the bone marrow to the bone. MCP-1
concentrations are increased in metastatic cell lines, and it is
associated with angiogenesis and increased cancer cell
survival [145–147]. KC is another member of the CXC
chemokine family with homology to IL-8 [148]. KC
stimulates angiogenesis and is involved in neutrophil
chemotaxis and activation [148, 149]. KC is also expressed
by osteoblasts [149].

In addition to directing osteoblasts to secrete cytokines
which alter the bone microenvironment, cancer cells affect
the bone building cells in other ways as well. Mercer et al.
demonstrated that culturing mouse osteoblasts with the
conditioned medium from a human metastatic breast cancer
cell line inhibited expression of osteoblast differentiation
and blocked osteoblast ability to mineralize bone matrix
[45]. This in vitro observation was confirmed in a mouse
study [59]. Since osteoblasts do not differentiate properly in
the presence of breast cancer cells, it is possible that the

Table 1 Source of several important chemokines and cytokines in the bone microenvironment in the presence of metastatic breast cancer cells

Osteoblasts Bone
matrix

Breast cancer
cells

Other cells in the bone microenvironment

IL-6 [153, 154] – [138, 155] Bone Marrow Stromal Cells [156], Monocytes, Macrophages [157], and Osteoclasts
[158]

IL-8 [155, 159] – [94, 155, 160] Osteoclasts [155, 161], Bone Marrow Stromal Cells [159], Macrophages [162],
Endothelial Cells [162]

PTHrP – – [91, 94, 155] –
TGFβ [121, 155] [155, 163] [155] Bone Marrow Stromal Cells [164], Endothelial Cells [165]

Many cells in the metastatic bone environment produce cytokines and chemokines. The cell sources of several important ones are indicated. The dash
indicates that we were unable to find evidence from the literature or in our laboratory that the molecule was produced in the indicated cell type.
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cancer cells may alter the overall protein secretion profile of
osteoblasts. This alteration may involve preventing osteo-
blasts from producing the differentiation proteins necessary
for developing into mature, bone-depositing cells, as well
as inducing osteoblast production of cytokines that could
contribute to progression of bone metastasis, increase
activation of osteoclasts, and contribute to the formation
of osteolytic lesions.

12 Conclusions

Clearly, the organ microenvironment is extremely influential
in cancer cell metastasis to a specific location. Crosstalk
between the cancer cell “seed” and the target organ
microenvironment “soil” will determine if the cancer cell
metastasizes to a specific site and if that microenvironment
supports growth and proliferation of the metastatic cancer
cell. Only then will the metastatic cancer cell population
flourish. Bone provides an especially attractive site for a
variety of reasons. Metabolically active areas of bone are
well-vascularized with a system that allows various cells to
easily enter and exit. The normal remodeling process
provides chemotactic and growth factors that attract cancer
cells and support them once in place. The bone matrix
contains a rich storehouse of growth factors such as TGF-β

that are released during bone turnover. Resident cancer cells
thrive in the rich cocktail of released cytokines. Finally, both
osteoblast and octeoclast activities can be modulated by
cancer cells to their advantage. The release of characteristic
sets of cytokines by the bone matrix of an osteolytic lesion or
osteoblastic lesion (e.g. MCP-1, IL-6, IL-8) will facilitate the
chemoattraction and survival of metastatic cancer cells.
Understanding the mechanisms behind these events will aid
in the development of therapeutics to combat specific
metastases and manipulate their target organ microenviron-
ments. While the origin of metastatic variants remains
unclear, is it certain that the target organ microenvironment
contributes greatly to their metastasis.

13 Unanswered questions

Many unanswered questions remain. One of the most critical
is to determine a ‘metastatic signature’ for the primary tumor
which would indicate the possibility of metastasis. However,
not all tumor cells that arrive in the bone, even from the
same primary tumor, will remain or grow there. Dormant
metastases in the bone remain a mystery. It is known that
individual cells or micrometastases can be found in patients
with no evidence of metastasis [150]. These individuals may
never exhibit bone metastasis. On the other hand, bone
micrometastases can remain dormant for years in spite of the
rich microenvironment. What event triggers that cell to begin
to grow?

14 Future studies

It is difficult to study bone metastases and the tumor
microenvironment for many reasons. (1) The marrow space
is relatively inaccessible. (2) It is also a complex space
containing not only bone cells, osteoblasts and osteoclasts,
but also hematopoietic cells and transient immune cells.
Cell lines, particularly osteoblasts, have been developed that
recapitulate in culture the stages of osteoblast differentiation.
However, these lines have limitations when compared to
intact bone.

We have recently developed a specialized bioreactor that
allows extended-term culture of osteoblasts. The cells have
been grown uninterrupted for up to 10 months. They
proliferate and form a multilayer (>6 cell layers) of mature
osteoblasts that begin to mineralize and form macroscopic
bone chips [151]. By 10 months the morphology of the
cells resembles osteocytes. We have inoculated human
metastatic breast cancer cells, MDA-MB-231GFP, into these
chambers and have seen by microscopy that the cells
adhere, grow, and move through the cell layers, mimicking
in vivo migration and invasion [152]. We have evidence

Fig. 2 Cytokine expression of murine femur metaphyses ex-vivo
following intracardiac inoculation. MDA-MB-231GFP cells (3×105

cells) were inoculated into the left cardiac ventricle of 4–6 week old
athymic, female mice. Control mice were untreated. Mice were
euthanized at 4 weeks and femurs harvested. The bone marrow was
removed and the femur metaphyses were fractionated. Isolated
metasphyseal bone pieces were crushed and cultured. Media were
collected and tested after 24 h. Murine MCP-1 cytokine production
was quantified using ELISAs. Murine IL-6, MIP-2, and KC were
quantified using a Bio-Rad Bio-Plex™ murine cytokine quantification
assay. Shown is a representative experiment. MCP-1 and IL-6
concentrations were multiplied by 10 in order to be shown on the
same graph as MIP-2 and KC

50 Cancer Metastasis Rev (2008) 27:41–55



that the osteoblasts likewise undergo a stress response and
produce increased amounts of IL-6, for example. While the
bioreactor has been used to study osteoblast-cancer cell
interactions, it will allow introduction of other cell types,
e.g. macrophages, lymphocytes. Thus, the bioreactor
promises to be a useful 3-D culture system to study and
to manipulate the bone-tumor microenvironment.
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