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Background: Elucidation of mechanisms regulating bone metastasis has progressed significantly in recent years
and this has translated to many new therapeutic options for patients with bone metastatic cancers. However, the
rapid rate of progress in both the basic science literature and therapies undergoing clinical trials makes staying
abreast with current developments challenging. This review seeks to provide an update on the current state of the
science in bone metastasis research and give a snap shot of therapies in clinical trials for bone metastatic cancer.

Main body: Bone metastasis represents a difficult to treat clinical scenario due to pain, increased fracture risk,
decreased quality of life and diminished overall survival outcomes. Multiple types of cancer have the specific ability
to home to the bone microenvironment and cause metastatic lesions. This osteotropism was first described by
Stephen Paget nearly 100 years ago as the ‘seed and soil” hypothesis. Once cancer cells arrive at the bone they
encounter a variety of cells native to the bone microenvironment which contribute to the establishment of bone
metastatic lesions. In the first part of this review, the ‘seed and soil” hypothesis is revisited while emphasizing recent
developments in understanding the impact of native bone microenvironment cells on the metastatic process. Next,
approved therapies for treating bone metastasis at the systemic level as well as those that target the bone
microenvironment are discussed and current National Comprehensive Cancer Network (NCCN) guidelines relating
to treatment of bone metastases are summarized. Finally, all open interventional clinical trials for therapies relating
to treatment of bone metastasis have been complied and categorized.

Conclusion: Understanding the recent advancements in bone metastasis research is important for continued
development of novel bone targeted therapies. The plethora of ongoing clinical trials will hopefully translate into
improved treatments options for patients suffering from bone metastatic cancers.

Background

Treatment options and survival outcomes for patients
with many types of cancer have improved during the
past 50 years [1, 2]. While these improvements are en-
couraging, those patients who present with metastatic
cancer almost ubiquitously face poor prognosis. Patients
with metastatic solid tumors are generally not candidates
for surgical resection of their primary tumor which im-
mediately limits therapeutic options. Additionally, there
is ample room for improvement in the repertoire of the
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medical therapeutic options that are currently approved
for these patients with metastasis. Understanding the
mechanisms and engineering solutions is critical to ad-
vancing therapies and improving outcomes in patients
who develop metastases. Indeed, new therapeutics are
under development and in clinical trials with the goal to
improve survival, alleviate pain and decrease fracture
risk in patients with bone metastatic cancers.

“Seed and Soil” hypothesis

Tumor cells necessarily require interaction with the
microenvironment of a specific host organ to create a
metastatic lesion [3]. This concept was first described
over 100 years ago by the English surgeon, Stephen
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Paget. Paget described the ‘seed and soil’ hypothesis in
which he sought to explain why certain cancers favored
developing metastasis in specific organs. In his research,
he studied the autopsy results of patients who had various
primary tumors and found that these patients had specific
organ patterns where the metastases developed. For ex-
ample, he found that women who had breast cancer had a
much greater probability of having metastases to the bone
than any other organ. He explained these results by pro-
posing that the tumor cells acted as ‘seeds’ and have an
affinity for particular organs or the ‘soil. Thus, metastases
will develop when the right combination of a compatible
seed is planted in the right soil [4, 5] (Fig. 1).

Metastatic process

This complicated process is precisely coordinated and
the molecular basis underlying its orchestration from
initiation to development of distant metastasis is a vigor-
ous area of research. The initial step in metastasis neces-
sitates that the cancer cells escape from the primary
tumor and into systemic circulation. Cancer cells accom-
plish this through a process termed epithelial-to-
mesenchymal transition (EMT). This transformation
enables epithelial type cancer cells to undergo a pheno-
typic change to exhibit mesenchymal traits such as loss
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of cell surface intercellular adhesion proteins and loss of
epithelial polarization [6]. The cancer cells also secrete
extracellular proteolytic enzymes to dissolve the extra-
cellular matrix and escape the physical environment of
the tumor stroma [7]. The most prominent of these fac-
tors are the matrix metalloproteinase enzymes [8]. After
an adequate amount of the extracellular matrix has been
dissolved, the cancer cells become locally invasive and
begin to migrate into surrounding tissue [9]. Cancer cells
continue to migrate through the endothelial cells to gain
access to systemic circulation through a process called
intravasation [10]. This process is mediated at the vascu-
lar level by the tortuous and leaky tumor vasculature
[11] as well as cell signaling aberrations in the cancer
cells that increase cellular adhesion factors such as in-
tegrin B1, enabling the cancer cells to interact with the
endothelium [12].

Once cancer cells invade blood vessels and get into
systemic circulation, they are termed circulating tumor
cells (CTC) and are presented with a new set of chal-
lenges. The circulatory system is an inhospitable envir-
onment but metastatic tumor cells have mechanisms to
improve their chances of survival. [13] One example of
how these cells survive is by inhibiting anoikis. Anoikis
is normally an apoptotic process which cells undergo
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Fig. 1 Depiction of the seed and soil hypothesis. The most commonly bone metastatic cancers are thyroid, lung, breast, renal, prostate, and
multiple myeloma. The bone microenvironment can be viewed as the soil and contains multiple entities that impact cancer cell survival and
establishment of bone lesions. The metastatic process involves: (A) Primary tumor, (B) Angiogenesis, (C) Local invasion and intravasation, (D)
Dissemination via circulation, (E) Extravasation, and (F) Colonization of a metastatic site (bone). Components of the bone microenvironment
include: endothelial cells, osteocytes, stromal cells, adipose cells, osteoclasts, osteoblasts, T cells, B cells, and the chemical structure of the bone
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when there is loss of cell-matrix or cell-cell interactions.
As such, the deregulation of anoikis in the context of
metastasis is likely present before cancer cells intravasate
and continues during the circulation process [14]. One
specific example that has been linked to anoikis resist-
ance is a tyrosine kinase receptor, TrkB. It has been
shown that overexpression of this receptor on the mem-
brane of cancer cells, results in activation of the
phosphatidylinositol-4,5-bisphosphate 3 kinase (PI3K)-
AKT pro-survival pathways [15]. Cancer cells also have
mechanisms to escape destruction by immune -cells,
such as macrophages, by upregulating certain cell sur-
face proteins like CD47 [16].

The two main factors impacting the location CTCs
will develop a metastatic lesion are: blood flow and mo-
lecular signaling. This is particularly true for cancers
that metastasize to the bone. Consider the example of
breast cancers which have a preference to metastasize to
the thoracic spine due to venous drainage of the breast
from the azygos venous system communicating with the
plexus of Batson in the thoracic region [17]. This is in
comparison to lung cancers which show a more general
skeletal distribution due to venous drainage from the
pulmonary veins into the left side of the heart and from
there dissemination to systemic circulation [18]. Alterna-
tively, the majority of prostate cancer metastasis are seen
in the axial skeleton in the lumbar spine, sacrum, and
pelvis due to venous drainage of the prostate through
the pelvic plexus [19]. Further, colon cancer is known to
metastasize to the liver due to portal venous drainage
[20]. However, blood flow patterns do not fully explain
the distribution of metastatic lesions. In addition to
blood flow, a plethora of other factors and signaling
events are crucial in the dissemination of CTCs. One
well documented process is CTC homing to the bone
marrow microenvironment.

One of the signaling pathways regulating CTC homing
to the bone is the CXCL12-CXC-chemokine receptor 4
(CXCR4) axis [21]. CXCL12, also called stromal derived
factor-1 (SDF-1), is a chemokine factor that is made by
bone marrow mesenchymal stem cells, endothelial cells,
and osteoblasts. CXCL12 binds primarily to the g-
protein coupled receptor, CXCR4, activating several di-
vergent intracellular signaling pathways that are involved
in cellular processes including: cell survival, gene tran-
scription, chemotaxis, and expression of integrins such
as integrin avB3 on the surface of the CTCs [22]. The in-
creased expression of oyf3 on the surface of the meta-
static prostate tumor cells has been shown to cause it to
adhere to endothelial cells of the bone marrow [23]. The
CXCL12-CXCR4 axis is not only important for CTC
from solid tumors, but also plays a significant role in
hematopoietic stem cells and leukemia cells homing to
the bone marrow [24, 25]. Other molecules have shown
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importance in the adhesion process as well. These in-
clude other integrins such as a4f1 [26], annexin II [27],
and E-cadherin [28].

In addition to the significance of CXCL12-CXCR4 axis
for cell adhesion in cancer cells, this signaling pathway
has also been shown to be important in cancer cell sur-
vival. It has been demonstrated that in breast cancer cells
that aberrantly express the non-receptor cytoplasmic tyro-
sine kinase, Src, have improved survival in the bone mar-
row. It was shown that Src mediates this improved
survival through Akt signaling in response to CXCL12-
CXCR4 stimulation and through increasing resistance to
TNEF-related apoptosis-inducing ligand (TRAIL) specific-
ally in the bone marrow microenvironment [29].

Bone microenvironment

Once the process of homing and extravasation have
taken place, the metastatic cells encounter native bone
microenvironment cells. These cells play a vital role in
maintaining homeostasis of the bone and include: osteo-
clast, osteoblasts, osteocytes, endothelial cells, and cells
of the bone marrow. The growth and dynamic turnover
of bone is regulated through precise signaling between
these cells. Alteration in the homeostasis of these native
cells can have disastrous effects. When cancer cells Infil-
trate the bone, the lesions that develop are traditionally
classified as either osteolytic, in which bone is broken
down, or osteoblastic, in which bone is formed [30].
These processes are not binary. Rather, both the osteo-
clastic and the osteoblastic activities are generally acti-
vated in all metastatic bone lesions [31]. However,
depending on which process is dominant the radiological
appearance of a bone metastasis is either lytic, sclerotic,
or mixed. The cancers that conventionally cause osteo-
lytic lesions are breast and multiple myeloma [32]. These
types of lesions can be particularly dangerous and have
the highest rates of fracture. Osteoblastic lesions are
seen most often with metastases from prostate cancer
[33] and have an increased risk of fracture due to the al-
tered architecture of the bone but not to the same de-
gree in osteolytic lesions.

The cells responsible for bone resorption are known as
osteoclasts. These cells are monocyte-macrophage de-
rived multinuclear cells that are initially inactive [34].
Osteoclasts generally are positioned in resorption pits
and when activated secrete cathepsin K. This creates an
acidic environment on the underside of the osteoclast
where the cell maintains a sealed ruffled border [35].
Osteoclast activation is under the control of both
systemic factors as well as locally secreted cytokines.
Parathryroid hormone, 1,25-dihydroxyvitamin D3 and
prostaglandins cause upregulation of receptor activator
of nuclear factor-kB ligand (RANKL) [36, 37]. RANKL is
a family member of tumor necrosis factors (TNF) which
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is expressed on the membrane surface of both stromal
cells and osteoblasts as well as released by active T cells.
Structurally, RANKL is a homotrimeric type II mem-
brane protein with three isoforms. [38] The full length
version of RANKL is denoted RANKL1. RANKL2 is
shorter due to a portion of the intracytoplasmic domain
missing. While RANKLS3 is the soluble isoform and has
the N-terminal portion deleted [38]. RANKL activates
osteoclasts by signaling though its receptor, RANK, with
subsequent activation of nuclear factor-kB and Jun N-
terminal kinase pathways. Locally, stromal cells and
osteoblasts also activate osteoclasts by production of
macrophage colony stimulating factor. Additional
control over osteoclast activation is managed by osteo-
protegerin, which is a decoy receptor for RANKL and is
normally present in the marrow [39]. An altered ratio of
osteoprotegerin to RANKL can result in osteopetrosis or
osteopenia [40, 41].

In addition to the osteoclasts, osteoblasts have a major
role in maintaining the bone structure. These cells ori-
ginate from mesenchymal stem cells and are responsible
for synthesizing new bone [42]. This is a critical func-
tion, not only during development but also throughout
life. Several factors allow for successful differentiation of
osteoblasts such as bone morphogenetic proteins
(BMPs), platelet-derived growth factor (PDGF), fibro-
blast growth factor (FGF) and transforming growth fac-
tor B (TGEF-P) [43, 44]. The differentiation of osteoblasts
is not as well understood as the process in osteoclasts,
but one factor that is known to drive the differentiation
process is the transcription factor Runx-2, also called
core-binding factor alpha 1 (CBFA1) [45]. As osteoblasts
become more mature they secrete osteocalcin and calci-
fied matrix, eventually becoming osteocytes as they are
encapsulated within the bone [46].

Osteocytes make up approximately 90% of the bone
cells in the adult human, however less is known about
their role in bone metastasis than osteoblasts and osteo-
clasts [47]. Even though osteocytes are surrounded by
the bone matrix, they communicate through an exten-
sive lacunar-cannicular network which connects the os-
teocytes to other osteocytes, the bone surface, and
marrow cells. They regulate osteoclast development
through expression of: RANKL, macrophage colony
stimulating factor (M-CSF) and osteoprotegerin (OPG).
In addition, they can inhibit osteoblasts by expression of
sclerostin [48]. Osteocytes have an interesting ability to
respond to stress and pressure. In fact, increased pres-
sure in the bone from prostate cancer metastasis can up-
regulate matrix metalloproteinases and CCL5 in
osteocytes resulting in increased tumor growth [49]. IL-
11 has been shown to be released from apoptotic osteo-
cytes causing osteoclast differentiation [50]. Additionally,
physical interactions and secreted factors from cancer
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cells such as multiple myeloma cells impact osteocyte
function [51].

Endothelial cells comprise another component of the
bone microenvironment that contribute to the bone
metastatic process through a variety of mechanisms.
Endothelial cells in the metaphysis of long bones are
known to constitutively express P-selectin, E-selectin,
vascular adhesion molecule 1 and intercellular adhesion
molecule A which aid in CTC adhesion when they travel
through the bone marrow [52]. The physical architecture
of the bone vasculature also plays a role in the homing
process. The large volume of sinusoids decreases blood
flow velocity thus decreasing shear forces and increasing
the favorability for attachment of cancer cells [53]. Add-
itional mechanisms by which the endothelial cells pro-
mote bone metastatic lesions are through promotion of
cell dormancy and neovascularization for metastatic
growth [54]. Tumor cells can secrete angiogenetic fac-
tors such as vascular endothelial growth factor (VEGE)
and IL-8 that can serve to increase survival of the tumor
cells and neovascularization [55].

More recent evidence has demonstrated the import-
ance of immune cells in the development of bone metas-
tases. The bone marrow is a major reservoir for
dendritic cells, macrophages, myeloid derived cells, and
different subsets of T cells [56]. T cells have been shown
to regulate bone resorption in both solid tumors bone
metastasis and multiple myeloma [57, 58]. T cells and B
cells also produce RANKL and can impact osteoclasto-
genesis. IL-7 is an important cytokine that mediates in-
teractions between T cells and the proliferative bone
metastatic environment [59]. Myeloid derived suppressor
cells from the bone marrow have proven to be impactful
in their ability to drive cancer progression through sup-
pression of innate and adaptive immune responses,
impairing T cell antigen recognition and promotion of T
regulatory cells [60—62]. In the microenvironment of
multiple myeloma patients, dendritic cells and IL-6, IL-
23 and IL-1 are involved in increased Th17 cells, which
increase IL-17 and can promote osteoclast and myeloma
proliferation [48]. Additionally, IL-17 has been shown to
be a growth factor for both prostate and breast cancer
cells [63, 64].

During development, the bone marrow changes from
being predominately red or hematopoietic marrow and
having very little adipocytes or yellow marrow to being
composed of approximately 70% adipose tissue, by the
age of twenty five [65]. These adipocytes were previously
thought to be inert but now are considered to have a
significant impact on the development of bone metasta-
sis in the microenvironment. It has been proposed that
adipocytes play a supporting role for cancer cell survival
in the bone marrow as an energy source [66, 67]. Bone
marrow adipocytes also secrete several pro-inflammatory



Gdowski et al. Journal of Experimental & Clinical Cancer Research (2017) 36:108

mediators such as IL-1B, IL-6, leptin, adiponectin, vascu-
lar cell adhesion molecule 1 (VCAM-1), tumor necrosis
factor alpha (TNF-alpha) and CXCL12 that increase
bone tropism, proliferation, and survival of certain can-
cer cells [65, 68-70].

Additionally, cancers cells that are already within the
bone microenvironment play in impactful role on the
further development of these metastatic lesions. Import-
ant activating factors expressed by the prostate cancer
cells that create bone metastasis include: FGFs [71] and
BMPs [72]. It has been shown that FGF can act through
autocrine or paracrine signaling [73]. Binding of FGF to
an FGF receptor results in activation of multiple signal
transduction pathways beneficial for the tumor. These
stimulated pathways include: phosphatidylinositol 3-
kinase (PI3K), phospholipase Cy (PLCy), mitogen-
activated protein kinase (MAPK), and signal transducers
and activators of transcription (STAT) [31, 73]. The
resulting stimulation of these pathways from multiple
FGFs results in simulation of the cells in the bone
microenvironment and the cancer cells during meta-
static lesion development [31].

The mineral structure of the bone itself presents add-
itional components that can serve to enhance bone
metastatic lesions. Encased within the hydroxyapatite are
a number of factors such as: bone morphogenetic pro-
teins, insulin like growth factors I and II, platelet-derived
growth factor, transforming growth factor-beta and
fibroblast growth factor [74]. These factors become im-
portant when liberated from the mineralized hydroxy-
apatite by promoting growth and proliferative effects on
tumor cells and worsening the metastatic lesion.

Bone metastases therapies

Introduction to treatment concepts

Therapeutic strategies for bone metastatic cancers rely on
three main principles: 1.) The cancer cells should be
treated. This is critical because the cancer cells are the ini-
tial insult which cause bone metastatic lesions to develop.
If cancer cells continue to proliferate and divide, it should
not be expected that survival time will be extended. This
principle can be broken down further into therapies that
are cytotoxic and kill the cells, hormonal deprivation, or
targeted agents that inhibit specific signaling pathways; 2.)
Targeting the bone microenvironment is impactful. As
was discussed in the above sections on the bone micro-
environment, the complex biological signaling between
cancer cells and bone resident cells creates a vicious cycle.
Disruption of these interactions represents a therapeutic
opportunity; 3.) Palliative therapies focus on alleviating
symptoms associated with bone metastasis. This becomes
an area that can be very impactful on the quality of life for
these cancer patients as bone metastasis can be extremely
debilitating and painful.
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Most of the following discussion on approved thera-
peutics will focus on prostate, breast, and multiple mye-
loma. These are the most common cancers which cause
bone metastatic lesions and thus represent the bulk of
research efforts to understand the mechanisms involved.
Patients with other cancers such as kidney, thyroid, lung
and melanoma can also present with metastasis to the
bone. There are many treatment commonalities between
the various cancers that metastasize to the bone and
strategies appropriate for one type of cancer are often ef-
fective for others.

Approved therapeutic agents

Bisphosphonates

Bisphosphonates are a unique drug class that have been
used in multiple clinical settings for their ability to pre-
vent bone loss. In addition to their role in the treatment
of patients with bone metastatic cancer, they are also
clinically effective for use in osteoporosis, Paget’s disease
and osteogenesis imperfecta [75-77]. However, use of
these agents is not without the potential for adverse side
effects such as osteonecrosis of the jaw, esophageal irri-
tation, and fractures [78, 79].

The bone targeting ability of bisphosphonates for the
mineral structure of hydroxyapatite is due to their chem-
ical configuration. Bisphosphonates consist of two
phosphonate groups that are bound by a carbon atom.
Additional functional groups have been attached to the
central carbon atom which confers different pharmaco-
logical properties to these molecules. The two phospho-
nate groups in these drugs allow high binding affinity to
the hydroxyapatite structure and this is enhanced in areas
of high bone turnover such as bone metastatic lesions [80,
81]. Depending on the side groups of the bisphosphonate
molecule either a bidentate bond forms through calcium
ion chelation on the surface of the hydroxyapatite by a
stronger tridentate bond can form. [82, 83]

Bisphosphonates can be subdivided based on the pres-
ence of a nitrogen containing side group. The clinically
approved nitrogen containing molecules are ibantdro-
nate, pamidronate, alendronate, risedronate and zoledro-
nate. The nitrogen free bisphosphonates are clodronate,
tiludronate and etidronate [84]. Zoledronic acid has been
shown to have the best efficacy among the bisphospho-
nate molecules and was approved based on its ability to
prolong the time to symptomatic skeletal related events
but did not show an improvement in overall median sur-
vival when compared to the placebo [85].

The overall mechanism of bisphosphonates is to inhibit
bone resorption through its apoptotic effects on osteo-
clasts after being endocytosed. Uptake causes osteoclast
apoptosis through one of two main mechanisms depend-
ing on the class of bisphosphonate. Endocytosis of non-
aminobisphosphonates results in disruption of ATP supply
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as osteoclasts metabolize this class into analogues of ATP
and eventually undergo apoptosis [86]. The mechanism by
which amino-bisphosphonates cause apoptosis in osteo-
clasts is through inhibition of farnesyl pyrophosphate syn-
thase and the mevalonate pathway [87]. Additionally,
osteoclast apoptosis limits the vicious cycle of signaling
that takes place between the osteoclasts and cancer cells
in the bone microenvironment.

Denosumab

Denosumab was FDA approved based on the study by
Fizazi et al. in 2011 where they showed a prolonged time
to skeletal related event by 3.6 months compared to zo-
ledronic acid [88]. Denosumab is a human monoclonal
IgG2 antibody that acts by binding to both membrane
bound and soluble RANKL with high affinity [89, 90].
As was discussed in earlier sections, RANKL is a mol-
ecule that is primarily secreted by osteoblasts and upon
attachment to RANK (located on osteoclasts) stimulates
osteoclastic activity. The exact location of binding of
denosumab is on the DE loop region of RANKL,
which forms a contact with RANK [91]. Thus, treat-
ment with denosumab prevents this contact and in-
hibits bone resorption. In addition to the RANKL
that is secreted by osteoblasts, inflammatory cells and
stromal cells also secrete RANKL and impact tumor
development [92, 93]. In the clinical setting, denosu-
mab has shown positive results in preventing pain
[94, 95], lessening hypercalcemia of malignancy [89,
96] and may also have effects on tumor cells inde-
pendent of its role in bone homeostatsis [89].

Radioisotopes

Radioisotopes also play a role in the treatment of bone
metastasis. Ideal candidates for this type of therapy are
generally those with osteoblastic or mixed metastatic le-
sions that are multifocal and causing significant pain
[97]. Approved radioisotopes for treating bone metasta-
sis are either members of the alkaline earth metals or
conjugated to ligands that can direct the radioisotope to
the bone. Alkaline earth metals have the same electron
valence as calcium so they are concentrated to areas of
high bone turnover along with calcium. As a class, these
agents are effective at reducing pain associated with
bone metastasis but haven’t shown to be effective at
prolonging overall survival until the most recently ap-
proved radioisotope, radium-223 [98, 99].

Clinically approved radioisotopes can be divided into
B-emitters and a-emitters. Two B-emitters, Stontium-89
and Samarium-153, are approved for treating bone pain
in patients with bone metastases. These agents deliver
ionizing radiation and incorporate into the bone.
Strontium can incorporate due to its similarity to cal-
cium and Samarium-153 has been conjugated to
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ethylenediaminetetramethylene  phosphate (EDTMP)
which can chelate calcium to allow it to home to the
bone [100]. These [B-emitters are considered outdated
due to other therapeutics with stronger evidence [101].

Radium-223 is an a-alpha emitting radioisotope. It has
been approved based on the results of the ALSYMPCA
trial after demonstrating not only prolonged time to skel-
etal related event by 5.8 months as compared to a placebo
but also increased overall median survival by 3.6 months
[102]. Alpha-emitters can deliver high radiation but the
depth of radiation penetration in tissues is less, making
them more targeted [103]. As a group, radiopharmaceuti-
cals that target the bone have high rates of myelosuppre-
sion [104]. The adverse effects of Radium-223 appear to
be less, with only mild thrombocytopenia [105].

Hormonal therapy and chemotherapy

One of the most important goals in the treatment of
bone metastatic cancer is disease control. If a cancer is
localized, surgery or radiation therapy are generally the
first choice. However, for advanced bone metastasis dis-
ease, systemic therapy is often required with either cyto-
toxic agents, targeted therapies, hormonal therapy or a
combination of the above. In advanced hormonally driven
tumors such as prostate and breast, the first line treatment
is hormone deprivation to cut off the proliferative signaling
in the cancers. The standard treatment for men with ad-
vanced prostate cancer for the past 70 years has been
androgen deprivation therapy [106, 107]. There is typ-
ically a good initial response to treatment but almost
inevitably the patient will become refractory to the
treatment and will progress to castration resistant
prostate cancer in a period of 18 to 24 months [108].
As the cancer progresses, it will metastasize to the
bone in 90% of patients [109] and at this point over-
all survival is generally less than 2 years [110].

Two newer anti-androgen agents are approved in the
setting of castration resistant bone metastatic prostate
cancer. Abiraterone inhibits 17-a-hydroxylase/17,20
lyase, which is a testosterone synthesis enzyme that is
found in the adrenals, testes and tumor [111]. Enzulata-
mide is an antiandrogen and exerts its effect by inhibit-
ing nuclear translocation of the androgen receptor,
inhibiting the androgen receptor from binding to DNA
and blocking co-activator recruitment [101, 112]. The
androgen receptor also promotes growth in the bone
microenvironment through its expression and activity in
the bone microenvironment stromal cells [113].

Cytotoxic chemotherapy is also approved in the con-
text of bone metastatic prostate cancer. Docetaxel is a
microtubule inhibitor and was the first chemotherapeu-
tic to show a survival benefit in these patients [114].
More recent results of the STAMPEDE trial showed a
survival benefit in prostate cancer patients when
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Table 1 Treatment options for various types of bone metastatic cancers

Prostate Breast Renal Lung Thyroid Multiple Myeloma
Systemic Therapy  Yes Yes Yes Yes Yes Yes
Bone- Targeted Denosumab Denosumab Denosumab Consider: Denosumab Pamidronate

Denosumab
Zoledronic Acid Zoledronic Zoledronic Zoledronic Pamidronate Zoledronic
Acid Acid Acid Acid

Radium-223 Pamidronate Zoledronic Acid
Radiation Therapy Yes Yes Yes Yes Yes Yes
Vitamins Calcium Vitamin D Calcium Vitamin D Calcium Vitamin D Not Mentioned Not mentioned Not mentioned
Notes Possible use of Consider embolization prior to

Sr-89 or Sm-153

surgical resection to reduce
hemorrhage

docetaxel was started earlier in the treatment course
along with long term androgen deprivation treatment
[115]. Cabazitaxel is a newer generation taxol and was
developed to treat patients who have previously been
treated with docetaxel. It has been chemically modified
in two locations from the previous docetaxel drug. These
alterations give it decreased affinity for the P-
glycoprotein pump which on many advanced cancer
cells can pump chemotherapy out of the cell rendering
it resistant to therapy. It was approved based on the re-
sults of the TROPIC trial which showed an overall sur-
vival benefit compared to mitoxantrone in patients who
were previously treated with docetaxel [116].

The concepts that guide the standard of care for pa-
tients with bone metastatic breast cancer are similar to
those guiding prostate cancer therapy. Treatment op-
tions include systemic agents against the cancer, bone-
targeted agents and local therapy as well [117]. The
current recommendation is for initiation of endocrine
therapy in women who experience recurrence and who
are estrogen receptor positive, with the exception if
there is rapidly developing disease and organ involve-
ment, in which case chemotherapy should be offered
[118]. In addition, bone targeted agents such as bispho-
sphonates and denosumab are important in delaying
skeletally related events such as fractures and for im-
provement in pain.

Immunotherapy

Development and approval of immunotherapy for cancers
in general has made considerable progress and attracted
interest in recent years. In the advanced prostate cancer
field, Sipuleucel-T has been approved after showing a sur-
vival benefit in castration-resistant prostate cancer pa-
tients who are asymptomatic or minimally symptomatic
[119]. It is made using a patient’s own mononuclear cells
that are sent to a central processing facility and treated
with prostatic acid phosphatase and granulocyte/macro-
phage colony stimulating factor. These cells are injected

back into the patient and the antigen presenting cells
activate the patient’s T cells to attack the prostate
cancer [120]. As the field of immune-oncology con-
tinues to expand, specific bone directed therapies may
materialize.

Other treatment modalities

Percutaneous minimally invasive techniques

Treatments such as percutaneous vertebroplasty, kypho-
plasty, and radiofrequency ablation are often employed
as a palliative measure in the treatment of patients with
bone metastatic spinal tumors [121]. In the percutan-
eous vertebroplasty procedure bone needles are placed
into the vertebral body, and polymethylmethacrylate
(quick setting bone cement) is injected. The reduction in
pain is likely due to restoration of vertebral height and
the exothermic nature of the bone cement as it sets
[121]. Balloon kyphoplasty is like vertebroplasty but uti-
lizes a balloon to control bone cement extravasation in
the spine [122]. Radiofrequency ablation uses alternating
current to generate heat and multiple mechanisms may
be contributing to reduction in pain such as: cancer cell
death causing reduction in pain inducing cytokines, de-
creasing size of cancer bone lesions, destruction of pain
fibers and inhibiting osteoclastogenesis [123]. The goal
of these therapies is palliation of pain symptoms so that
overall quality of life is improved.

Radiation therapy

Radiation therapy is another palliative approach to treat-
ing bone metastasis. It is a non-invasive and effective
way to improve pain from these lesions generally within
2—-6 week of treatment [117]. This treatment can be per-
formed by dose fractionation in which multiple doses of
radiation are given or administered in a single-dose
[124-126]. The ideal candidates for this therapy are
those with solitary or oligometastatic disease to the
bone [127].
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Surgery

Surgical intervention is generally not the first option in
patients with bone metastasis but may be helpful in
certain instances. For spinal tumors, hormonal and
radiation treatments are considered first. However,
decompression laminectomy and fixation as well as en
bloc spondylectomy may be beneficial in appropriately
selected patients [128]. Treatments for metastasis to
long bones include internal fixation, external fixation
and prosthesis placement [129, 130].

NCCN guidelines summary of treatment of bone metastatic
cancers

Table 1 is a compilation of the individual 2017 National
Comprehensive Cancer Network (NCCN) cancer treat-
ment guidelines for recommendations on treating bone
metastasis. Cancers with the highest bone metastases
prevalence were selected.

Current clinical trials in bone metastasis

A review of current, open, interventional clinical trials
for “bone metastasis” was performed using the clinical
trials database at clinicaltrails.gov and 445 trials were
found. Relevant clinical trials on cancers involving pros-
tate, breast, renal, thyroid, lung, multiple myeloma, or
trials involving therapies for multiple types of cancers
were included. This information is included in Table 2.

Conclusions

Research into the molecular mechanisms of metastatic
cancer, particularly bone metastatic cancer, has pro-
gressed rapidly in the past decade. Understanding the in-
teractions and signaling processes at the bone
microenvironment level has proven beneficial in advan-
cing the field. Indeed, this knowledge has translated into
the development and subsequent approval of several
new targeted agents for patients with bone metastatic
cancers. There are many promising therapeutic options
in current pre-clinical development and in clinical trials
that give hope for improved treatments and outcomes in
patients with bone metastatic cancer.

Abbreviations

ADT: Androgen deprivation therapy; BMPs: Bone morphogenetic proteins;
CBFAT1: Core-binding factor alpha 1; CTC: Circulating tumor cell;

CXCR4: CXCL12-CXC-chemokine receptor 4; EBRT: External beam radiation
therapy; EDTMP: Ethylenediaminetetramethylene phosphate; EMT: Epithelial-
to-mesenchymal; FGF: Fibroblast growth factor; HIFU: High intensity focused
ultrasound; IMRT: Intensity modulated radiation therapy; M-CSF: Macrophage
colony stimulating factor; NCCN: National Comprehensive Cancer Network;
OPG: Osteoprotegerin; PDGF: Platelet-derived growth factor;

PI3K: Phosphatidylinositol-4,5-bisphosphate 3 kinase; QOL: Quality of life;
RANKL: Receptor activator of nuclear factor-kB ligand; SBRT: Stereotactic
body radiation therapy; SDF-1: Stromal derived factor-1; SSRT: Spinal
stereotactic radiation therapy; TNF alpha: Tumor necrosis factor alpha;

TNF: Tumor necrosis factors; VCAM-1: Vascular cell adhesion molecule 1;
VEGF: Vascular endothelial growth factor

Page 11 of 13

Acknowledgments
Not Applicable.

Funding
Partial support was provided by Cancer Prevention and Research Institute of
Texas (RP170301).

Availability of data and materials
Data used to generate Table 2 is publicly available from http://
www.clinicaltrials.gov.

Authors’ contributions
AG analyzed and categorized clinical trials. AG, AR, JKV contributed to writing
and editing the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 12 June 2017 Accepted: 8 August 2017
Published online: 11 August 2017

References

1. Kinch MS. An analysis of FDA-approved drugs for oncology. Drug Discov
Today. 2014;19:1831-5.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 2016;
66:7-30.

3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

4. Fidler IJ. The pathogenesis of cancer metastasis: the 'seed and soil
hypothesis revisited. Nat Rev Cancer. 2003;3:453-8.

5. Ribatti D, Mangialardi G, Vacca A. Stephen Paget and the 'seed and soil
theory of metastatic dissemination. Clin Exp Med. 2006;6:145-9.

6.  Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell. 2009;139:871-90.

7. Duffy MJ. The role of proteolytic enzymes in cancer invasion and metastasis.
Clinical & experimental metastasis. 1992;10:145-55.

8. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of the
tumor microenvironment. Cell. 2010;141:52-67.

9. Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix metalloproteinases
in cancer progression and their pharmacological targeting. FEBS J.
2011,278:16-27.

10. Wan L, Pantel K, Kang Y. Tumor metastasis: moving new biological insights
into the clinic. Nat Med. 2013;19:1450-64.

11, Weis SM, Cheresh DA. Tumor angiogenesis: molecular pathways and
therapeutic targets. Nat Med. 2011;17:1359-70.

12. Reymond N, et al. Cdc42 promotes transendothelial migration of cancer
cells through betal integrin. J Cell Biol. 2012;199:653-68.

13. Luzzi KJ, et al. Multistep nature of metastatic inefficiency: dormancy of
solitary cells after successful extravasation and limited survival of early
micrometastases. Am J Pathol. 1998;153:865-73.

14.  Paoli P, Giannoni E, Chiarugi P. Anoikis molecular pathways and its role in
cancer progression. Biochim Biophys Acta. 2013;1833:3481-98.

15. Douma S, et al. Suppression of anoikis and induction of metastasis by the
neurotrophic receptor TrkB. Nature. 2004;430:1034-9.

16.  Weiskopf K, et al. Engineered SIRPalpha variants as immunotherapeutic
adjuvants to anticancer antibodies. Science (New York, N.Y.). 2013;341:88-91.

17. Maccauro G, et al. Physiopathology of spine metastasis. International journal
of surgical oncology. 2011;2011:107969.

18.  Gilbert RW, Kim JH, Posner JB. Epidural spinal cord compression from
metastatic tumor: diagnosis and treatment. Ann Neurol. 1978;3:40-51.


http://clinicaltrails.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov

Gdowski et al. Journal of Experimental & Clinical Cancer Research (2017) 36:108

20.

21.

22.

23.

24.
25.
26.

27.

28.

29.
30.
31.

32.
33.

34.
35.

36.

37.
38.

39.

40.

41.

42.
43.
44.
45.

46.

47.

48.

49.

Kakhki VR, Anvari K, Sadeghi R, Mahmoudian AS, Torabian-Kakhki M. Pattern
and distribution of bone metastases in common malignant tumors. Nuclear
medicine review Central & Eastern Europe. 2013;16:66-9.

Robinson JR, Newcomb PA, Hardikar S, Cohen SA, Phipps Al. Stage IV
colorectal cancer primary site and patterns of distant metastasis. Cancer
Epidemiol. 2017;48:92-5.

Sun YX, et al. Expression of CXCR4 and CXCL12 (SDF-1) in human prostate
cancers (PCa) in vivo. J Cell Biochem. 2003;89:462-73.

Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clinical
cancer research : an official journal of the American Association for Cancer
Research. 2010;16:2927-31.

Sun YX, et al. Expression and activation of alpha v beta 3 integrins by SDF-
1/CXC12 increases the aggressiveness of prostate cancer cells. Prostate.
2007,67:61-73.

Greenbaum A, et al. CXCL12 in early mesenchymal progenitors is required
for haematopoietic stem-cell maintenance. Nature. 2013;495:227-30.

Pitt LA, et al. CXCL12-producing vascular endothelial niches control acute T
cell leukemia maintenance. Cancer Cell. 2015,27:755-68.

Schneider JG, Amend SR, Weilbaecher KN. Integrins and bone metastasis:
integrating tumor cell and stromal cell interactions. Bone. 2011;48:54-65.
Shiozawa Y, et al. Annexin Il/annexin Il receptor axis regulates adhesion,
migration, homing, and growth of prostate cancer. J Cell Biochem.
2008;105:370-80.

Wang H, et al. The osteogenic niche promotes early-stage bone
colonization of disseminated breast cancer cells. Cancer Cell.
2015;27:193-210.

Zhang XH, et al. Latent bone metastasis in breast cancer tied to Src-
dependent survival signals. Cancer Cell. 2009;16:67-78.

Mundy GR. Metastasis to bone: causes, consequences and therapeutic
opportunities. Nat Rev Cancer. 2002;2:584-93.

Suva LJ, Washam C, Nicholas RW, Griffin RJ. Bone metastasis: mechanisms
and therapeutic opportunities. Nat Rev Endocrinol. 2011;7:208-18.

Coleman RE. Skeletal complications of malignancy. Cancer. 1997,80:1588-94.
Roudier MP, et al. Histopathological assessment of prostate cancer bone
osteoblastic metastases. J Urol. 2008;180:1154-60.

Roodman GD. Cell biology of the osteoclast. Exp Hematol. 1999,27:1229-41.
Blair HC, Teitelbaum SL, Ghiselli R, Gluck S. Osteoclastic bone resorption by
a polarized vacuolar proton pump. Science (New York, N.Y.). 1989;245:855-7.
Kodama H, Nose M, Niida S, Yamasaki A. Essential role of macrophage
colony-stimulating factor in the osteoclast differentiation supported by
stromal cells. J Exp Med. 1991;173:1291-4.

Roodman GD. Mechanisms of bone metastasis. N Engl J Med. 2004;350:1655-64.
lkeda T, Kasai M, Utsuyama M, Hirokawa K. Determination of three isoforms
of the receptor activator of nuclear factor-kappaB ligand and their
differential expression in bone and thymus. Endocrinology.
2001;142:1419-26.

Simonet WS, et al. Osteoprotegerin: a novel secreted protein involved in the
regulation of bone density. Cell. 1997,89:309-19.

Min H, et al. Osteoprotegerin reverses osteoporosis by inhibiting endosteal
osteoclasts and prevents vascular calcification by blocking a process
resembling osteoclastogenesis. J Exp Med. 2000;192:463-74.

Mizuno A, et al. Severe osteoporosis in mice lacking osteoclastogenesis
inhibitory factor/osteoprotegerin. Biochem Biophys Res Commun.
1998;247:610-5.

Aubin JE. Bone stem cells. J Cell Biochem Suppl. 1998,30-31:73-82.

Wozney JM. Overview of bone morphogenetic proteins. Spine. 2002,27:52-8.
Mundy GR, et al. Growth regulatory factors and bone. Rev Endocr Metab
Disord. 2001;2:105-15.

Yang X, Karsenty G. Transcription factors in bone: developmental and
pathological aspects. Trends Mol Med. 2002;8:340-5.

Stein GS, Lian JB. Molecular mechanisms mediating proliferation/
differentiation interrelationships during progressive development of the
osteoblast phenotype. Endocr Rev. 1993;14:424-42.

Bonewald LF. The amazing osteocyte. Journal of bone and mineral research
: the official journal of the American Society for Bone and Mineral Research.
2011,26:229-38.

David Roodman G, Silbermann R. Mechanisms of osteolytic and osteoblastic
skeletal lesions. BoneKEy reports. 2015;:4:753.

Sottnik JL, Dai J, Zhang H, Campbell B, Keller ET. Tumor-induced pressure in
the bone microenvironment causes osteocytes to promote the growth of
prostate cancer bone metastases. Cancer Res. 2015;75:22151-8.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 12 of 13

Giuliani N, et al. Increased osteocyte death in multiple myeloma patients:
role in myeloma-induced osteoclast formation. Leukemia. 2012;26:1391-401.
Delgado-Calle J, Bellido T, Roodman GD. Role of osteocytes in multiple
myeloma bone disease. Current opinion in supportive and palliative care.
2014;8:407-13.

Glinsky W. Intravascular cell-to-cell adhesive interactions and bone
metastasis. Cancer Metastasis Rev. 2006;25:531-40.

Mastro AM, Gay CV, Welch DR. The skeleton as a unique environment for
breast cancer cells. Clinical & experimental metastasis. 2003;20:275-84.
Raymaekers K, Stegen S, van Gastel N, Carmeliet G. The vasculature: a vessel
for bone metastasis. BoneKEy reports. 2015;4:742.

Bussard KM, Gay CV, Mastro AM. The bone microenvironment in metastasis;
what is special about bone? Cancer Metastasis Rev. 2008,27:41-55.

Cook LM, Shay G, Araujo A, Lynch CC. Integrating new discoveries into the
"vicious cycle" paradigm of prostate to bone metastases. Cancer Metastasis
Rev. 2014;33:511-25.

Colucci S, et al. T cells support osteoclastogenesis in an in vitro model
derived from human multiple myeloma bone disease: the role of the OPG/
TRAIL interaction. Blood. 2004;104:3722-30.

Roato |, et al. Mechanisms of spontaneous osteoclastogenesis in cancer
with bone involvement. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology. 2005;19:228-30.
D'Amico L, Roato I. The impact of immune system in regulating bone
metastasis formation by Osteotropic tumors. J Immunol Res. 2015;2015:143526.
Kusmartsev S, Nefedova Y, Yoder D, Gabrilovich DI. Antigen-specific
inhibition of CD8+ T cell response by immature myeloid cells in cancer is
mediated by reactive oxygen species. Journal of immunology (Baltimore, Md.
1 1950). 2004;172:989-99.

Liu Y, et al. Nitric oxide-independent CTL suppression during tumor
progression: association with arginase-producing (M2) myeloid cells. Journal
of immunology (Baltimore, Md. : 1950). 2003;170:5064-74.

Mazzoni A, et al. Myeloid suppressor lines inhibit T cell responses by an NO-
dependent mechanism. Journal of immunology (Baltimore, Md. : 1950).
2002;168:689-95.

Zhang Q, et al. Interleukin-17 promotes formation and growth of prostate
adenocarcinoma in mouse models. Cancer Res. 2012;72:2589-99.

Bian G, Zhao WY. IL-17, an important prognostic factor and potential
therapeutic target for breast cancer? Eur J Immunol. 2014;44:604-5.

Morris EV, Edwards CM. Bone marrow adipose tissue: a new player in cancer
metastasis to bone. Front Endocrinol. 2016;7:90.

Herroon MK; et al. Bone marrow adipocytes promote tumor growth in bone
via FABP4-dependent mechanisms. Oncotarget. 2013;4:2108-23.

Templeton ZS, et al. Breast Cancer Cell Colonization of the Human Bone
Marrow Adipose Tissue Niche. Neoplasia (New York, N.Y.). 2015;17:849-61.
Caers J, et al. Neighboring adipocytes participate in the bone marrow
microenvironment of multiple myeloma cells. Leukemia. 2007;21:1580-4.
Jourdan M, et al. Tumor necrosis factor is a survival and proliferation factor
for human myeloma cells. Eur Cytokine Netw. 1999;10:65-70.

Gado K, Domjan G, Hegyesi H, Falus A. Role of INTERLEUKIN-6 in the
pathogenesis of multiple myeloma. Cell Biol Int. 2000;24:195-209.

Valta MP, et al. FGF-8 is involved in bone metastasis of prostate cancer. Int J
Cancer. 2008;123:22-31.

Morrissey C, Brown LG, Pitts TE, Vessella RL, Corey E. Bone morphogenetic
protein 7 is expressed in prostate cancer metastases and its effects on
prostate tumor cells depend on cell phenotype and the tumor
microenvironment. Neoplasia (New York, N.Y.). 2010;12:192-205.

Kwabi-Addo B, Ozen M, Ittmann M. The role of fibroblast growth factors
and their receptors in prostate cancer. Endocr Relat Cancer. 2004;11:709-24.
Mohan, S. Baylink, D.J. Bone growth factors. Clinical orthopaedics and related
research, 30-48 (1991).

Cole LE, Vargo-Gogola T, Roeder RK. Targeted delivery to bone and mineral
deposits using bisphosphonate ligands. Adv Drug Deliv Rev. 2016,99:12-27.
Glorieux FH. Experience with bisphosphonates in osteogenesis imperfecta.
Pediatrics. 2007;119(Suppl 2):5163-5.

Drake MT, Clarke BL, Khosla S. Bisphosphonates: mechanism of action and
role in clinical practice. Mayo Clin Proc. 2008;83:1032-45.

Watts NB, Diab DL. Long-term use of bisphosphonates in osteoporosis. J
Clin Endocrinol Metab. 2010;95:1555-65.

Kim SM, et al. Atypical complete femoral fractures associated with
bisphosphonate use or not associated with bisphosphonate use: is there a
difference? Biomed Res Int. 2016;2016:4753170.



Gdowski et al. Journal of Experimental & Clinical Cancer Research (2017) 36:108

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

106.

Lewiecki EM. Safety of long-term bisphosphonate therapy for the
management of osteoporosis. Drugs. 2011;71:791-814.

Nadar RA, et al. Bisphosphonate-functionalized imaging agents, anti-tumor
agents and Nanocarriers for treatment of bone cancer. Advanced healthcare
materials. 2017;

lafisco M, et al. Adsorption and conformational change of myoglobin on
biomimetic hydroxyapatite nanocrystals functionalized with alendronate.
Langmuir : the ACS journal of surfaces and colloids. 2008;24:4924-30.

van Beek E, Hoekstra M, van de Ruit M, Lowik C, Papapoulos S. Structural
requirements for bisphosphonate actions in vitro. Journal of bone and
mineral research : the official journal of the American Society for Bone and
Mineral Research. 1994,9:1875-82.

Ebetino FH, et al. The relationship between the chemistry and biological
activity of the bisphosphonates. Bone. 2011;49:20-33.

Saad F, et al. Long-term efficacy of zoledronic acid for the prevention of
skeletal complications in patients with metastatic hormone-refractory
prostate cancer. J Natl Cancer Inst. 2004,96:879-82.

Coxon FP, Thompson K, Rogers MJ. Recent advances in understanding the
mechanism of action of bisphosphonates. Curr Opin Pharmacol. 2006,6:307-12.
Caraglia M, et al. Emerging anti-cancer molecular mechanisms of
aminobisphosphonates. Endocr Relat Cancer. 2006;13:7-26.

Fizazi K, et al. Denosumab versus zoledronic acid for treatment of bone
metastases in men with castration-resistant prostate cancer: a randomised,
double-blind study. Lancet (London, England). 2011;377:813-22.

Lacey DL, et al. Bench to bedside: elucidation of the OPG-RANK-RANKL pathway
and the development of denosumab. Nat Rev Drug Discov. 2012;11:401-19.
Kostenuik PJ, et al. Denosumab, a fully human monoclonal antibody to
RANKL, inhibits bone resorption and increases BMD in knock-in mice that
express chimeric (murine/human) RANKL. Journal of bone and mineral
research : the official journal of the American Society for Bone and Mineral
Research. 2009;24:182-95.

Lacey DL, et al. Osteoprotegerin ligand is a cytokine that regulates
osteoclast differentiation and activation. Cell. 1998,93:165-76.

Brown JM, et al. Osteoprotegerin and rank ligand expression in prostate
cancer. Urology. 2001;57:611-6.

Giuliani N, et al. Human myeloma cells stimulate the receptor activator of
nuclear factor-kappa B ligand (RANKL) in T lymphocytes: a potential role in
multiple myeloma bone disease. Blood. 2002;100:4615-21.

Luger NM, et al. Osteoprotegerin diminishes advanced bone cancer pain.
Cancer Res. 2001,61:4038-47.

Roudier MP, Bain SD, Dougall WC. Effects of the RANKL inhibitor,
osteoprotegerin, on the pain and histopathology of bone cancer in rats.
Clinical & experimental metastasis. 2006;23:167-75.

Oyajobi BO, et al. Therapeutic efficacy of a soluble receptor activator of
nuclear factor kappaB-IgG fc fusion protein in suppressing bone resorption
and hypercalcemia in a model of humoral hypercalcemia of malignancy.
Cancer Res. 2001,61:2572-8.

Wong M, Pavlakis N. Optimal management of bone metastases in breast
cancer patients. Breast cancer (Dove Medical Press). 2011,3(35-60)

Vengalil S, O'Sullivan JM, Parker CC. Use of radionuclides in metastatic
prostate cancer: pain relief and beyond. Current opinion in supportive and
palliative care. 2012,6:310-5.

Brady D, Parker CC, O'Sullivan JM. Bone-targeting radiopharmaceuticals
including radium-223. Cancer journal (Sudbury, Mass.). 2013;19:71-8.

Longo J, Lutz S, Johnstone C. Samarium-153-ethylene diamine tetramethylene
phosphonate, a beta-emitting bone-targeted radiopharmaceutical, useful for
patients with osteoblastic bone metastases. Cancer Manag Res. 2013;5:235-42.
Body JJ, Casimiro S, Costa L. Targeting bone metastases in prostate cancer:
improving clinical outcome. Nature reviews Urology. 2015;12:340-56.
Parker C, et al. Alpha emitter radium-223 and survival in metastatic prostate
cancer. N Engl J Med. 2013;369:213-23.

Jadvar H, Quinn DI. Targeted alpha-particle therapy of bone metastases in
prostate cancer. Clin Nucl Med. 2013;38:966-71.

. Autio KA, Morris MU. Targeting bone physiology for the treatment of metastatic

prostate cancer. Clinical advances in hematology & oncology:H&O. 2013;11:134-43.

. Nilsson S, et al. Bone-targeted radium-223 in symptomatic, hormone-

refractory prostate cancer: a randomised, multicentre, placebo-controlled
phase Il study. The Lancet Oncology. 2007;8:587-94.

Huggins C, Hodges CV. Studies on prostatic cancer: |. The effect of
castration, of estrogen and of androgen injection on serum phosphatases in
metastatic carcinoma of the prostate. 1941. J Urol. 2002;168:9-12.

107.

108.

109.

110.

113.

114.

115.

116.

117.

119.

120.

121.

125.

126.

128.
129.

Page 13 of 13

Zhang Q, Gray PJ. From bench to bedside: bipolar androgen therapy in a
pilot clinical study. Asian journal of andrology. 2015;17:767-8.

Seruga B, Ocana A, Tannock IF. Drug resistance in metastatic castration-
resistant prostate cancer. Nat Rev Clin Oncol. 2011;8:12-23.

Bubendorf L, et al. Metastatic patterns of prostate cancer: an autopsy study
of 1,589 patients. Hum Pathol. 2000;31:578-83.

Huang X, Chau CH, Figg WD. Challenges to improved therapeutics for
metastatic castrate resistant prostate cancer: from recent successes and
failures. J Hematol Oncol. 2012;5:35.

. Reid AH, Attard G, Barrie E, de Bono JS. CYP17 inhibition as a hormonal

strategy for prostate cancer. Nat Clin Pract Urol. 2008;5:610-20.

. El-Amm J, Patel N, Freeman A, Aragon-Ching JB. Metastatic castration-

resistant prostate cancer: critical review of enzalutamide. Clinical Medicine
Insights Oncology. 2013;7:235-45.

Mantalaris A, et al. Localization of androgen receptor expression in human
bone marrow. J Pathol. 2001;193:361-6.

Tannock IF, et al. Docetaxel plus prednisone or mitoxantrone plus
prednisone for advanced prostate cancer. N Engl J Med. 2004;351:1502-12.
James ND, et al. Addition of docetaxel, zoledronic acid, or both to first-line
long-term hormone therapy in prostate cancer (STAMPEDE): survival results
from an adaptive, multiarm, multistage, platform randomised controlled
trial. Lancet (London, England). 2016;387:1163-77.

de Bono JS, et al. Prednisone plus cabazitaxel or mitoxantrone for
metastatic castration-resistant prostate cancer progressing after docetaxel
treatment: a randomised open-label trial. Lancet (London, England).
2010;376:1147-54.

Li BT, Wong MH, Pavlakis N. Treatment and prevention of bone metastases
from breast cancer: a comprehensive review of evidence for clinical
practice. Journal of clinical medicine. 2014;3:1-24.

. Beslija S, et al. Third consensus on medical treatment of metastatic breast

cancer. Annals of oncology : official journal of the European Society for
Medical Oncology. 2009,20:1771-85.

Kantoff PW, et al. Sipuleucel-T immunotherapy for castration-resistant
prostate cancer. N Engl J Med. 2010;363:411-22.

Slovin SF. Immunotherapy in metastatic prostate cancer. Indian journal of
urology : 1JU : journal of the Urological Society of India. 2016;32:271-6.
Stephenson MB, Glaenzer B, Malamis A. Percutaneous minimally invasive
techniques in the treatment of spinal metastases. Curr Treat Options in
Oncol. 2016;17:56.

. Dohm M, Black CM, Dacre A, Tillman JB, Fueredi G. A randomized trial

comparing balloon kyphoplasty and vertebroplasty for vertebral
compression fractures due to osteoporosis. AJNR Am J Neuroradiol. 2014;35:
2227-36.

. Mannion RJ, Woolf CJ. Pain mechanisms and management: a central

perspective. Clin J Pain. 2000;16:5144-56.

. Wu JS, Wong R, Johnston M, Bezjak A, Whelan T. Meta-analysis of dose-

fractionation radiotherapy trials for the palliation of painful bone
metastases. Int J Radiat Oncol Biol Phys. 2003;55:594-605.

Sze WM, Shelley M, Held |, Mason M. Palliation of metastatic bone pain:
single fraction versus multifraction radiotherapy - a systematic review of the
randomised trials. The Cochrane database of systematic reviews,

Cd004721. 2004

Chow, E. et al. Update on the systematic review of palliative radiotherapy
trials for bone metastases. Clinical oncology (Royal College of Radiologists
(Great Britain)) 24, 112-124 (2012).

. Horwich A, Parker C, de Reijke T, Kataja V. Prostate cancer: ESMO Clinical

Practice Guidelines for diagnosis, treatment and follow-up. Annals of
oncology : official journal of the European Society for Medical Oncology 24
Suppl. 2013,6:vi106-14.

Tomita K, et al. Surgical strategy for spinal metastases. Spine. 2001;26:298-306.
Toliusis V, Kalesinskas RJ, Kiudelis M, Maleckas A, Griksas M. Surgical
treatment of metastatic tumors of the femur. Medicina (Kaunas, Lithuania).
2010;46:323-8.

. Ward, W.G, Holsenbeck, S, Dorey, F.J., Spang, J. Howe, D. Metastatic disease

of the femur: surgical treatment. Clinical orthopaedics and related research,
$230-5244 (2003).



	Abstract
	Background
	Main body
	Conclusion

	Background
	“Seed and Soil” hypothesis
	Metastatic process
	Bone microenvironment

	Bone metastases therapies
	Introduction to treatment concepts
	Approved therapeutic agents
	Bisphosphonates
	Denosumab
	Radioisotopes
	Hormonal therapy and chemotherapy
	Immunotherapy

	Other treatment modalities
	Percutaneous minimally invasive techniques
	Radiation therapy
	Surgery
	NCCN guidelines summary of treatment of bone metastatic cancers

	Current clinical trials in bone metastasis

	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

