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Preclinical Models that Illuminate
the Bone Metastasis Cascade

Geertje van der Horst and Gabri van der Pluijm

Abstract

In this chapter currently available preclinical models of tumor progression and
bone metastasis, including genetically engineered mice that develop primary
and metastatic carcinomas and transplantable animal models, will be described.
Understanding the multistep process of incurable bone metastasis is pivotal to
the development of new therapeutic strategies. Novel technologies for imaging
molecules or pathologic processes in cancers and their surrounding stroma have
emerged rapidly and have greatly facilitated cancer research, in particular the
cellular behavior of osteotropic tumors and their response to new and existing
therapeutic agents. Optical imaging, in particular, has become an important tool
in preclinical bone metastasis models, clinical trials and medical practice.
Advances in experimental and clinical imaging will—in the long run—result in
significant improvements in diagnosis, tumor localization, enhanced drug
delivery and treatment.
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1 The Clinical Problem of Bone Metastasis

Bone metastases are frequent complications of cancer, occurring in up to 80% of
patients with advanced breast or prostate cancer and in approximately 15–30% of
patients with carcinoma of the thyroid, lung, bladder, or kidney (Coleman 1997).
In addition, melanomas and multiple myeloma also readily metastasize to the skeleton.
Once tumors metastasize to bone, the disease is incurable and patients may experience
several skeletal-related events such as severe bone pain, hypercalcaemia, nerve
compression syndromes, and pathological fractures (Mundy 2002; Roodman 2004).
This severely increases morbidity and diminishes the quality of life of the patients.

Understanding the different steps of carcinogenesis and the closely linked mech-
anisms of invasion and metastasis is crucial for the development of new therapeutic
strategies (Fig. 1). Initial stages of carcinogenesis are characterized by hyperplastic
growth and neo-vascularization. In order to acquire a mesenchymal migratory phe-
notype, cancer cells must shed many of their epithelial characteristics and undergo
oncogenic epithelial-to-mesenchymal transition (EMT) (van der Pluijm 2010).

Induction of EMT is not the only mechanism by which epithelial cells can
migrate and spread. Movement of epithelial cells can also occur as a group
(collective migration) in which epithelial and mesenchymal cells cooperate
(reviewed in Friedl and Gilmour 2009).

It is becoming increasingly clear that the acquisition of an invasive phenotype
by the cancer cells does not solely occur via somatic genetic and epigenetic
mutations in the cancer cells themselves, but also via the surrounding stroma
(Thiery et al. 2009; Kalluri and Weinberg 2009; Kalluri 2009). The final stages of
the metastatic cascade involve intravasation, circulation in the blood flow, adhe-
sion to the endothelium of the distant organs, extravasation, and colonization of
the distant organs (Brown et al. 2011).

To study the fundamental properties of tumor growth and the metastatic cascade a
number of animal model systems are currently used. However, several problems are
encountered when transferring results from animal models into the clinic including
differences between animal and human pathophysiology and heterogeneity.
In addition, the results from one species often fails to be translated to another
species. Nevertheless, animal models and real-time imaging of osteotropic cancers
provide major and critical, pathogenic information about tumor progression and
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skeletal metastasis. An ideal animal model should closely mimic the clinical situa-
tion, thus facilitating the development of novel therapy for the prevention and
treatment of metastatic bone disease. Clinical trials frequently fail to reproduce the
highly encouraging results obtained from the preclinical models. Ideal in vivo
models of human cancers that metastasize to bone would reproduce the genetic
and phenotypic changes that occur at the different stages of human bone metastasis
and consist of naturally occurring or chemically induced tumors. Furthermore, these
preclinical models would be reproducible and should progress relatively rapidly in
order to be affordable. Unfortunately the majority of spontaneously arising tumors do
not metastasize, metastasize with a very long latency, or are characterized by
intravascular metastases alone (Rosol et al. 2004; Pollard 1998).

Although animal models of skeletal metastasis, which mimic several aspects of
human disease, have been used and refinements to the models continue to be developed,
these ‘ideal’ preclinical models may represent an impossible objective (see Fig. 2).

Carcinoma in situ Invasive carcinoma
epithelial cell

basement
membrane
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mesenchyme-like
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primary epithelial
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enrichment for
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Fig. 1 Interactions between osteotropic cancer cells and their microenvironment in tumor
progression and bone metastasis. Epithelial-to-mesenchyme transition (EMT) occurs at the
primary site and allows epithelial cancer cells to invade the surrounding stroma, intravasate,
circulate, and extravasate to distant sites. Upon colonization of bone marrow the cancer cells
frequently can regain their original epithelial phenotype by a mesenchymal-to-epithelial
transition (MET). Tumor-stroma interactions are critically important in the subsequent steps of
the metastatic cascade. A number of growth factors, including TGFb, PDGF, and IGFs, stimulate
EMT in the primary tumor and have also been identified as stimulators of bone metastasis
formation, presumably via the acquisition of an invasive phenotype of cancer cells in
micrometastases. CTCs circulating tumor cells. DTCs disseminating tumor cells MIC metasta-
sis-initiating cells (adapted from van der Pluijm 2010)
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Currently, most animal models of bone metastasis must be derived experi-
mentally since spontaneous bone metastasis in rodents or small mammals is
relatively rare. This restriction has resulted in the development of specific animal
models that represent unique steps of the bone metastatic cascade of events.

In this chapter, animal models will be described that represent prostate and
breast cancer in humans. Furthermore, other currently available animal models of
tumor progression and metastasis, including genetically engineered mice that
develop primary and metastatic carcinomas and transplantable models (xenograft
or syngeneic), will be described. Subsequently, small animal imaging will be
discussed, focusing on the currently available modalities including microcomputed
tomography (lCT), micropositron emission tomography (lPET), single photon
emission computed tomography (SPECT), magnetic resonance imaging (MRI),
ultrasound imaging, and optical imaging (bioluminescence and fluorescence)
(Massoud and Gambhir 2003).

2 Spontaneous Carcinogenesis in Animal Models

An impediment in the search for preclinical models of skeletal metastasis is the
fact that small mammals have a very low incidence of osteotropic cancers as
compared to humans.

Carcinoma in situ Invasive carcinoma

invasion

Intravasation

Normal epithelium

Arrest to marrowvasculature
Adhesion and extravasation

Micrometastasis
DTCs, MICs,
dormancy?

Intravasation

DTC

Overt
Bone
Metastasis

CTC

Cardiac ventricle model/DSC model

Intra-bone model

Fig. 2 Preclinical models representing specific steps of the bone metastatic cascade of events
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Spontaneous prostate carcinoma occurs most commonly in dogs and is rare in
rodents and other animals, including non-human primates. Some strains of rats
(Lobund Wistar and ACI/Seg rats) have an increased incidence of prostate neo-
plasia (Pollard 1998). However, dogs can develop prostate carcinoma that even-
tually metastasizes to bone, with a mixture of osteoblastic and osteolytic
phenotype (Rosol et al. 2004).

Rodents often develop benign as well as malignant breast cancer. However,
most spontaneous breast carcinomas in rodents do not metastasize and have a low
incidence of regional lymph node invasion (Rosol et al. 2004). Dogs and cats
frequently develop breast carcinomas that may subsequently metastasize to the
lymph nodes and lungs, but bone metastases are infrequent.

3 Chemical Induction in Cancer Animal Models

Prostate carcinomas can be induced in Noble rats by treating the rats with
testosterone/estradiol or MNU/testosterone. An increased incidence of prostate
carcinomas can be induced in Lobund Wistar rats administering methylnitrosourea
(MNU) and testosterone (Pollard et al. 2000). However, these tumors rarely
metastasize to the lymph nodes and lungs and do not metastasize to bone.

Breast carcinoma can be induced in rats by administering dimethylbenzan-
thracene (DMBA), MNU, and N-ethyl-N-nitrosourea (ENU) and may metastasize
to the lungs (Ip 1996). The rats often develop mild hypocalcaemia, but bone
metastases do not occur spontaneously (Stoica et al. 1983; Stoica et al. 1984).

4 Transplantable Animal Models

Transplantable tumor models comprise syngeneic models, in which the cancer
cell line/tissue transplanted is of the same genetic background as the animal, and
xenograft models referring to human cancer cell lines/tissues transplanted into
immuno-compromised hosts, including BALB/c nu/nu nude and severe combined
immuno-deficient (SCID) mice (Khanna and Hunter 2005). The advantage of syn-
geneic models is that the transplanted tissues, the microenvironment (stroma), and
the host are from the same species. However, these model systems lack many of the
important characteristics of human tumors. For example, they usually are derived
from inbred mice and thus lack the genetic complexity of human tumors. Therefore,
conclusions drawn from these models should be validated in human cancers.

Although the xenograft models have the disadvantage of an incomplete immune
system, a wide range of human samples can be used to study dissemination and
colonization, and most mechanistic insight into the process of metastasis is derived
from xenograft studies.

Drawbacks of both transplantable animal models are that only specific stages of
the metastatic cascade are represented, as well as the expansion of certain clonal
constituents of polyclonal tumors due to cell culture and tissue explantation (Fig. 2).
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Importantly, some crucial features of the tumor microenvironment are lost in
these models. During tumorigenesis and bone metastasis, the stroma and the tumor
cells closely interact (Fig. 1). Over 100 years ago, Stephen Paget emphasized the
role of stroma in metastasis not only as a mechanical support but also as a fertile
‘soil’ for the growth of a cancer cell, the ‘seed’ (Paget 1889). It has become
increasingly clear that primary and metastatic cancers do not exist as isolated
tumor cells, but closely interact with different cell types and the extracellular
matrix constituting the stroma compartment. Only recently, it has been shown that
this heterogeneous and bi-directional interaction within the tumor tissue is
responsible for tumor progression (Naef and Huelsken 2005). However, the
molecular determinants of the stromal support have remained largely elusive.
Cancer cells produce factors that can activate local stromal cells such as fibro-
blasts, smooth muscle cells and adipocytes, and recruit endothelial- and mesen-
chymal progenitors and inflammatory cells (Kim et al. 2005; Bhowmick and
Moses 2005). In turn, this stromal activation leads to the secretion of additional
growth factors and proteases, which further favor cancer cell proliferation and
invasion (Kim et al. 2005; Bhowmick and Moses 2005; Mueller and Fusenig
2004). Moreover, the stroma may not just be an innocent bystander, but the site of
primary dysfunction, which may be critical for carcinogenesis (Albini and Sporn
2007). Hence, a major drawback of most of the transplantable tumor models is that
the surrounding stroma is ‘normal’ and not tumor-associated. As a result, the
transplantable models do not necessarily recapitulate all of the interactions
between the tumor and the surrounding stroma.

Cancer cells can be administered in various ways to small laboratory animals,
including inoculation of the tumor cells subcutaneously, orthotopically (at the
anatomical site of origin), or at the site of eventual dissemination (Figs. 2 and 3).
Although subcutaneous animal models still remain a valuable approach for tumor
progression and metastasis, especially for drug screening purposes, studies on
tumor progression and metastasis require a more biologically relevant environment
such as the tissue of origin or the tissue to which the tumor cells preferentially
metastasize.

4.1 Orthotopic Transplantation

Orthotopic transplantation refers to the delivery of cancer cells to the anatomic
location or tissue from which a tumor was originally derived. The use of orthotopic
inoculation has resulted in tumor models that may more closely resemble human
cancers including tumor histology, gene expression, responsiveness to chemo-
therapy, and metastatic biology (Fig. 3a). The 4T1 cell line is a transplantable
murine breast cancer cell line that grows very fast at the primary site and can
spontaneously form metastases in lungs, liver, bone, and brain over a period of
3–6 weeks. Because the model is syngeneic in BALB/c mice, it can be used to study
the role of the immune system in tumor growth and metastasis in the 4T1 (Pulaski et al.
2001; Tao et al. 2008). Unfortunately, bone metastasis is a late event in the 4T1 model
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and as a result, the tumor load at the orthotopic site is high. Surgical removal of the
orthotopically implanted, invasive 4T1 tumor cells is difficult and, as a result,
the cancer often recurs. Furthermore, 4T1 cells predominantly spread to soft tissue
(lungs) prior to the manifestation of bone metastasis, thus leaving a narrow
time window for studying the pathogenesis or treatment of skeletal metastasis, while
animals suffer from high metastatic tumor load in the lungs.

(b)

(d)

7 days 14 days 21 days

(c)

14 21 days7

35     days7

(a)

7 14 21 28  
days

Loco-regional
metastases

Fig. 3 Xenograft models for the study of pathogenesis and treatment of bone metastasis (Balb-c
nu/nu mice). Orthotopic implantation models of human PC-3MPro4 prostate cancer cells
expressing firefly luciferase implanted in the mouse prostate (a) and murine breast cancer cells
(KEP) expressing firefly luciferase (b), c, Intra-osseous transplantation model. Growth of human
PC-3MPro4 prostate cancer cells in the bone marrow of mouse tibia. d Mouse model of
experimental bone metastasis. Inoculation of 100.000 human luciferase-expressing PC-3MPro4
prostate cancer cells into the left cardiac ventricle allows real-time cell racking and growth of
skeletal metastasis. (Buijs et al. 2007a, b, 2010 own unpublished observations)
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It has been shown that inoculation of PC-3MPro4 cells into the prostate results
in metastasis towards the loco-regional lymph nodes (Fig. 3a). However, they have
not reliably produced bone metastases (Buijs et al. 2007a; Buijs and van der Pluijm
2009; An et al. 1998). Recently, we have set up an orthotopic transplantation
model using murine breast cancer (KEP) cells. KEP breast cancer cells, closely
resembling invasive lobular carcinoma, were generated by somatic inactivation of
E-cadherin and p53 in genetically engineered mice. Implantation of KEP cells,
expressing the bioluminescence reporter firefly luciferase, into mammary glands
resulted in bone metastasis with very little soft tissue involvement (Fig. 3b, see
further below, Derksen et al. 2006).

Current drawbacks of the inoculation of most of the human mammary or
prostate carcinoma cells into the murine mammary fat pad or the prostate,
respectively, include the lack of an intact immune system and the possibility of
tumor cells leaking into the peritoneum following surgery as well as the trauma of
opening the mouse peritoneum itself. In order to establish a reliable orthotopic
model, sensitive detection of (micro) metastatic spread by molecular imaging is a
prerequisite (see Sect. 5).

4.2 Intra- and Supra-Osseous Implantation

Other models comprise the inoculation of the cells in the bone, the site to which
the tumor cells preferentially metastasize (Fig. 3c). Intraosseous inoculation
results in either osteolytic or osteoblastic lesions or a mixture of those, depending
on the cell line used. For example, the breast cancer cell lines MDA-MB-231,
MCF-7, and 4T1 as well as the prostate carcinoma lines PC-3, Du-145, and RM-1
result in osteolytic lesions. Intraosseous inoculation of human prostate cancer cell
lines C4-2B, MDA-PCa-2b, LAPC-9, and LuCaP 23.1 and the breast cancer cell
line ZR-75-1 results in osteoblastic lesions (Schwaninger et al. 2007; Keller and
Brown 2004).

Another transplantable model of prostate and breast cancer consists of trans-
plantation of human tumor tissue onto the surface of the calvaria (Izbicka et al.
1997). The resulting tumors are moderately differentiated prostate adenocarcinoma
with osteolytic and osteoblastic changes that are similar to the histopathological
features of human prostate cancer bone metastasis (Schwaninger et al. 2007;
Keller and Brown 2004; Izbicka et al. 1997). In addition to prostate cancer, this
model has also been applied to study the role of tumor–bone interactions in
breast cancer-induced osteolysis and malignant growth in the bone microenvi-
ronment (Nannuru et al. 2009; Futakuchi et al. 2009). Limitations of these
models include the lack of human tumor-to-bone metastasis and the typical
location in the bone where metastatic tumors arise. However, this model has
proved useful in identifying key factors driving tumor-induced osteoblastic and
osteolytic changes such as MMP-7 and MMP-13 (Lynch et al. 2005; Nannuru
et al. 2010).
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4.3 Humanized Transplantation Model

Commonly used in vivo bone metastasis models include syngeneic rodent cancers
and xenograft of human cancer in immunodeficient mice. Species-specific factors
from the host (bone/bone marrow stroma) may limit the ability of human cancer
cells to metastasize to rodent bones. Important improvements have been made in
the generation of preclinical models of human cancer metastasis to human bone
(Xia et al. 2011; Shtivelman and Namikawa 1995; Nemeth et al. 1999; Yonou
et al. 2001; Kuperwasser et al. 2005). Human fetal bone and adult human rib
have been implanted into non-obese diabetic/severe combined immuno-deficient
(NOD/SCID) mice, a model called NOD/SCID-hu. Human prostate or breast
cancer cells were administered via tail vein injections or directly introduced into
the implanted bone (Shtivelman and Namikawa 1995; Nemeth et al. 1999; Yonou
et al. 2001; Kuperwasser et al. 2005). The human cancer cells formed tumors only
in the human bone implants and not in the mouse skeleton or in other human or
mouse tissues implanted at the same ectopic site. Hence, these models enable the
study of human cancer cell metastasis in a tissue-specific and species-specific
manner. Recently, a model was developed based on SCID mice, called the BOM
model (human Breast tissue derived Orthotopic and Metastatic model), in which
human breast tissue as well as human bone was implanted into the same mouse
(Wang et al. 2010; Xia et al. 2010). The human microenvironment of both the
breast tissue as well as the bone tissue of this model is important, since species-
specific differences may determine the interplay between the stroma and the tumor
cells. Indeed, it has been shown that the behavior of breast cancer cells in
the mouse model was altered in response to variations in the microenvironment
(Xia et al. 2010).

4.4 Dorsal Skinfold Chamber Model

Real-time imaging of single cells in vivo can be accomplished by using the dorsal
skinfold chamber model. The first transparent dorsal skinfold chambers have been
used to monitor angiogenesis in vivo with high spatial resolution (Lehr et al. 1993;
Sckell and Leunig 2009).

In the dorsal skinfold chamber model described by Reeves et al., a metatarsal
from a newborn mouse is engrafted into a dorsal skinfold chamber implanted on a
SCID mouse (Reeves et al. 2010). Subsequently, either prostate cancer (PC-3
GFP) or breast cancer (MDA-MB-231 GFP) cells are inoculated into the left
cardiac ventricle to simulate micrometastatic spread (Reeves et al. 2010). The data
showed that the osteotropic PC-3 and MDA cells are both capable of homing to the
metatarsal within the DSC, whereas oral SSC-4 cells which are known to
metastasize to lymph nodes did not. A drawback of these models is the technical
skills that are required to the use of the relatively expensive multi-photon
microscopy equipment. Because of these issues, it is not feasible to have high
numbers of animals included into the experiments.
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4.5 Systemic Inoculation of Cancer Cells as a Bone
Metastasis Model

The experimental metastasis model is a widely used model and refers to systemic
inoculation of the tumor cells into the left cardiac ventricle (Fig. 3d) (Arguello
et al. 1988; Nakai et al. 1992; van der Pluijm et al. 2001; van der Pluijm et al.
2005; Wetterwald et al. 2002), or lateral tail vasculature (Peyruchaud et al. 2003).
In our hands, inoculation of cancer cells into the cardiac ventricle (Fig. 3d) is
preferred because the number of bone metastasis is higher and the distribution of
the bone metastases is superior to that of the tail vasculature inoculation model.
Importantly, some of the published ‘tail vein papers’ were abusively performed by
inoculation into the tail arteries rather than the tail veins. Arguello and co-workers
first described tumor cell injection into the left cardiac ventricle leading to colo-
nization of the skeleton (Arguello et al. 1988). Depending on the inoculation site
and the tropism of the tumor cells, distant metastases develop at a number of
different locations in the animals (i.e., largely pulmonary metastasis when tumor
cells are inoculated in the tail vasculature and predominantly bone metastasis
when tumor cells are inoculated in the left cardiac ventricle). These models have
been used to study the effects of drugs on bone metastases as well as the molecular
biology of this process (Nakai et al. 1992; van der Pluijm et al. 2001; Wetterwald
et al. 2002; Peyruchaud et al. 2003; van der Pluijm et al. 2005; Buijs et al. 2007a,
b; van der Horst et al. 2011a,b). Using these model systems, the user has control
over both the amount and characteristics of the cells that are inoculated in the
animals.

For instance, intracardiac inoculation can be used to monitor cancer cell tro-
pism to specific organs. The human prostate cancer cell lines PC-3MPro4
metastasizes to multiple skeletal sites and forms osteolytic tumors, whereas the
human prostate cancer cell lines C4-2B and VCaP form mainly osteoblastic tumors
(Thalmann et al. 2000; Korenchuk et al. 2001; Buijs et al. 2007a). The murine
prostate cancer cell line RM1 has been shown to metastasize to the skeleton in
over 95% of injected C57BL/6 mice. An advantage of this model is that the
syngeneic RM1 tumor cells are injected into immuno-competent mice, and thus
can be used to study interactions between the immune system, tumors, and bone
(Power et al. 2009).

Using intracardiac inoculation, the osteotropic potential of different subpopu-
lations of cancer cells can be investigated. For example, viable cell sorting using
AldefluorTM can be used to select for cells with high or low Aldehyde dehydro-
genase activity. Using systemic inoculation, it has been shown that the subpopu-
lation with high ALDH activity has an increased tumorigenic and metastatic
potential compared to the subpopulation with low ALDH activity (van den Hoogen
et al. 2010).

A potential disadvantage of these systemic inoculation models is that early
steps in the metastatic cascade—i.e., carcinogenesis, invasion, and intravasation—
are bypassed (Fig. 2).
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5 Genetically Engineered Mouse Models

While in vitro and in vivo experimental or ‘spontaneous’ transplantable models have
yielded many important insights into the potential molecular mechanisms of
metastasis, a number of important limitations remain. For example, the introduction
of cells into the circulatory system bypasses a number of important events thought to
be major roadblocks in metastatic dissemination, including escape from the primary
tumor, invasion into the surrounding stroma and extravasation. Ectopic or orthotopic
implantation, while potentially reintroducing a more natural setting for the process,
still suffers from several limitations like the lack of an intact immune system, the
inability to model the premalignant neoplastic stages and the surgical procedure itself
which may damage surrounding tissue and facilitate the escape of the tumor cells into
the bloodstream. This may lead to distant metastasis due to the inoculation procedure
instead of tumor growth at the orthotopic site.

Moreover, it has been shown that tumorigenesis and metastasis is not just the
result of tumor cell characteristics, but rather is a complex interaction between
tumor cells and the surrounding stroma. Transplantable models do not necessarily
recapitulate all of the interactions between tumor and stroma that may play
important roles in tumor dissemination (Figs. 1, 2).

Genetic engineered animal models (GEMs), which have a defined genetic
background, can be used in immuno-competent hosts and usually have clinically
relevant mutations (Visvader 2011). A number of genetically engineered animal
models have been developed. GEMs are valuable because they allow investigators to
study the contribution of particular genes to the development of metastasis. They
provide flexible manipulation of gene expression at particular time points, thus
supporting temporal genetic studies of tumor progression and metastasis. In spite of
this, only one or two genes are altered, which is not the situation in human cancer
progression. In addition, it is possible that constitutive activation or loss of genes in
these models may not completely replicate spontaneous human cancer progression
and metastasis. Nevertheless, transgenic mice are important models that are being
used to gain insight into the development and treatment of bone metastases.

An advantage of these models is the fact that the tumors arise in their normal
context and that the animals have a functional immune system. A major limitation of
these models is the fact that they are labor intensive and expensive. The current
generation of GEMs has a mixed and varied genetic strain background, thus, it is
time- and labor-consuming to backcross these lines into a desirable, homogeneous,
inbred background before being able to apply them in preclinical trials. In addition,
the resources and infrastructure is lacking to consistently generate and evaluate large
numbers of GEMs needed for preclinical experiments (Singh and Johnson 2006).

Recent developments in the generation of genetically engineered animal models
have resulted in notable improvements in these models. GEMs can be simply
classified as either transgenic or endogenous. Mutant mice that express oncogenes
or dominant-negative tumor-suppressor genes under control of an ectopic pro-
moter and enhancer elements are called transgenic GEMs.
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Endogenous GEMs represent mutant mice that either lost the expression of
genes or express dominant-negative transgenes or oncogenes from their native
promoters (Frese and Tuveson 2007).

Transgenic GEMs overexpress a transgene being either an oncogene or a
dominant-negative tumor suppressor gene using an ectopic promoter and enhancer
element. Transgenic GEMs have been developed with temporal regulation of the
transgene by using inducible promoters such as the TET system (doxycycline
regulated transcription).

A drawback of the transgenic models is that it is difficult to obtain the control to
express oncogenes at physiological levels. This is important since many overex-
pressed oncogenes may cause toxic effects including apoptosis and senescence
(Sarkisian et al. 2007; Blakely et al. 2005).

For breast cancer, several GEMs have been developed, of which the majority
overexpress oncogenes such as c-Myc, CyclinD1, Her2, and Wnt-1 via the mouse
mammary tumor virus long repeat (MMTV) (reviewed in Shen and Brown 2005).
This promoter has been very useful for studies of mammary gland development and
tumorigenesis. However, the expression of the transgene is not homogeneous.
A reverse tetracycline-dependent transcriptional activator (rtTA) system was devel-
oped with the MMTV promoter in order to obtain mammary-specific, tightly regulated,
and homogeneous transgene expression in the presence of doxycycline. Using this
system, the c-myc transgene was specifically induced in mammary epithelial cells
(D’Cruz et al. 2001; Gunther et al. 2002). Furthermore, leukaemic HTLV-1 Tax
transgenic mice (Tax+ mice) develop skeletal lesions and soft tissue metastasis (Gao
et al. 2004), and these transgenic mice are well suited to study the effects of anti-
resorptive therapy on bone metastasis and tumor progression (Hirbe et al. 2009).

Conditional models enable site-specific recombinases such as Cre-LOX and FLP-
FRT to spatio-temporal control deletion or expression of a gene in specific tissues
under control of their endogenous promoter. Models include knock-out mice, in which
knock-out alleles replace one or more exons with a selectable marker resulting in a null
allele or knock-in models use transgenes under the control of endogenous promoter and
enhancer sequences. Cre-recombinase recognizes a pair of inverted repeat DNA ele-
ments, or LoxP sites, and catalyzes recombination resulting in deletion or inversion of
the intervening sequence (Lakso et al. 1992; Lewandoski 2001). The yeast FLP
recombinase results in deletion of the sequences between the FRT sites (Lewandoski
2001). For instance, in a breast cancer conditional MMTV-Brca1 model, the Cre gene
is under the control of the MMTV promoter. Activation of the Cre gene causes con-
ditional deletion of the target gene Brca1. Deletion of the Brca1 gene by this system
resulted in abnormal ductal development and activated apoptosis (Xu et al. 1999).
Existing models of prostate carcinogenesis include the transgenic adenocarcinoma of
mouse prostate model (TRAMP) and transgenic models overexpressing Myc or the
SV40 large T antigen under control of prostate specific promoters. Recently, prostate-
specific conditional knockouts have been generated of NKX3.1, PTEN, P27, and P53
tumor suppressors that show initiation of prostatic intraepithelial neoplasia and pro-
gress into adenocarcinoma with lymph and lung metastasis (Wang et al. 2003; Gao
et al. 2004; Chen et al. 2005; Kim et al. 2002; Zhou et al. 2006). Although prostate
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cancer progression, lymph node metastases and lung metastases can be found regu-
larly, metastasis to the bone is rare with these models (Gingrich and Greenberg 1996;
Asamoto et al. 2001; Winter et al. 2003; Tu et al. 2003).

The analysis of multiple mutations seen in human tumors is possible by
interbreeding GEM to produce mutant mice with both mutations, such as the
lobular breast carcinoma model (KEP model) described by Derksen and
co-workers, demonstrating that somatic inactivation using Cre/loxP, keratin14
promoter Cre-mediated loss of both p53 and E-cadherin in breast epithelium
resulted in spontaneous tumors resembling human invasive lobular breast carci-
noma (Derksen et al. 2006, 2011).

Breast cancer metastasis was found in the gastrointestinal tract, peritoneum, lung,
lymph nodes, and bone. In a ductal breast carcinoma conditional model, inactivation of
only Brca2 did not result in breast cancer, whereas inactivation of both Brca2 and p53
resulted in both breast and skin tumors (Jonkers et al. 2001). After luciferase trans-
duction of these cancer cells (KEP/luc+ cells), inoculation of the cells into the left heart
ventricle resulted in rapid metastatic spread throughout the whole body, especially to
bone. Orthotopic implantation of KEP/luc + cells resulted in tumor growth in the
mammary fat pad. After surgical removal of the orthotopic tumor, soft tissue and bone
metastases were formed throughout the body (Buijs et al. 2010), (Fig. 4).

However, the results of the simultaneous mutations in the tissue may not reflect
the sequential accumulation of mutations in human tumors. This can be addressed
by using different site-specific recombinases (e.g., Cre-lox and FLP-FRT) in a
temporal manner to produce the relevant mutations (Frese and Tuveson 2007).
Another aspect is that human tumors are thought to arise from a cell containing
one initial mutation, the tumor-initiating cell or cancer stem cell. The mutations in
many GEMs occur in all the cells of the tissue and therefore, the tumor cells do not
develop in the context of the ‘normal’ surrounding stroma. This can be circum-
vented by the use of Cre-expressing viruses at a low titer, because then the acti-
vation or silencing of genes occurs in a few cells, resulting in some mutated cells
surrounded by normal cells (Frese and Tuveson 2007). This technology can also be
used to introduce changes in the stroma. Recently, Kim et al. described the use of a
latent, Cre-activatable c-MYC allele, which combined with a prostate-specific Cre
allele (PbCre4) leads to focal overexpression of c-MYC in a few prostate luminal
epithelial cells (Kim et al. 2011). When crossed with Pten/p53 heterozygotic mice,
the c-MYC-initiated cells progressed to prostatic intraepithelial neoplasia (mPIN)
and adenocarcinoma lesions. This model is based on changes in genes that are
relevant for human prostate cancer (i.e., c-MYC, PTEN and p53) and may be
useful for understanding prostate cancer pathogenesis.

6 Imaging Modalities

The strength of the experimental approach is not only critically dependent on
the appropriate animal model but also on the means of data acquisition and
imaging.
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A variety of small animal imaging technologies have been developed, such as
microcomputed tomography (CT), micropositron emission tomography (PET),
single photon emission computed tomography (SPECT), magnetic resonance
imaging (MRI), ultrasound imaging and optical imaging, which encompass bio-
luminescence and fluorescence imaging (reviewed in Weissleder and Pittet 2008;
Shah and Weissleder 2005; Henriquez et al. 2007 and Kaijzel et al. 2009) (Figs. 5,
6). Several imaging techniques have already been introduced in a preclinical and––
occasionally—clinical setting to assess the presence, real-time growth, invasion,
and metastasis of malignant tumor cells (Black et al. 2010; Buijs et al. 2007a;
Kaijzel et al. 2007).
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Fig. 4 a Orthotopically implanted invasive lobular breast carcinoma cells (KEP cells expressing
firefly luciferase) grow readily in the mammary glands of immunodeficient mice, as detected by
real-time imaging of bioluminescence. Bone metastases develop in a few weeks after surgical
removal of the tumor from the mammary gland. KEP cells generate skeletal metastases with
little/no lung involvement (Buijs et al. 2010). This contrasts the findings with murine 4T1 breast
cancer cells that often regrow at the orthotopic site after surgical removal. Furthermore, 4T1 cells
generate predominantly lung metastases, followed by bone metastases at later stage
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Fig. 5 Preclinical imaging modalities used for real-time imaging of skeletal metastasis and drug
response. (Parts of this figure were reproduced with permission from Strube et al. 2010; Cowey
et al. 2007; and Franzius et al. 2006)
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The ideal imaging modality is one that is quantitative, has superior spatial
resolution and cell detection sensitivity, and can be used to longitudinally image
cells in whole living organisms in real-time over a longer time period. Certain
imaging approaches are better suited for specific applications than others (Fig. 6,
Table 1). For example, CT and MRI provide a high degree of spatial resolution
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Fig. 6 Different imaging strategies for functional and drug response studies in preclinical bone
metastasis models. MRI magnetic resonance imaging. SPECT single photon emission computed
tomography. PET positron emission tomography. NIRFP near-infrared fluorescent protein. RFP
red fluorescent protein. GFP green fluorescent protein. Fluc firefly luciferase (Photonis pyralis).
Rluc Renilla reniformis luciferase. Gluc Gaussia luciferase. NIS sodium iodine symporter. HSV1-
tk herpes simplex virus type o thymidine kinase. D2R dopamine receptor type 2. CD:cytosine
deaminase (adapted from Rodriguez-Porcel et al. 2009)

16 G. van der Horst and G. van der Pluijm



that is good for showing details on anatomic structures, whereas highly sensitive
methods such as PET and optical imaging are preferable for monitoring tumor cell
biology as well as tumor burden, progression, and metastasis (Megason and Fraser
2007; Tsien 2003).

Noninvasive whole body optical imaging permits longitudinal and quantitative
real-time gene expression, cellular localization, and drug response studies in small
laboratory animals through the use of direct-targeting probes and reporter systems.

6.1 Bioluminescent Imaging

Bioluminescent imaging (BLI) is most commonly used for tracking cancer cells
and studying their distribution and activity in vivo, because it is easy to use, cost-
effective, and very sensitive (reviewed in O’Neill et al. 2010). BLI is ideally suited
to image fundamental biological processes in vivo due to the high signal-to-noise
ratio, low background, and short acquisition time.

Bioluminescence is based on the detection of photons emitted by the enzymatic
reaction in which a substrate (either D-luciferin or coelenterazin) is oxidated by a
luciferase. Several different luciferases exist including firefly luciferase, click
beetle luciferase, Gaussia luciferase and Renilla luciferase (Henriquez et al. 2007;
Kaijzel et al. 2007; Snoeks et al. 2011). Firefly luciferase (FFLuc), derived from
the firefly Photinus pyralis, which catalyzes the substrate luciferin, is the most
extensively used luciferase in cell-based bioluminescent imaging (Buijs et al.
2007a; van den Hoogen et al. 2010; Nakatsu et al. 2006; Contag et al. 1998;
Rehemtulla et al. 2000). The enzymatic reaction driven by FFluc requires both

Table 1 Comparison of the spatial resolution and cell detection sensitivity of the different
imaging modalities on a semi-quantitative scale ranging from ? to ++++ (from least to best)

Monitoring strategy Spatial resolution Cell detection sensitivity

Direct labeling

Fluorescence (FMT,FRI) ++ +++

PET/SPECT +++ +++

MRI ++++ +++

Indirect labeling (reporter constructs)

Optical—FLI ++ +++

Optical—BLI ++ ++++

PET +++ +++

SPECT +++ +++

MRI ++++ Unknown

FLI Fluorescence imaging. BLI Bioluminescence imaging. MRI magnetic resonance imaging.
SPECT single photon emission computed tomography. PET positron emission tomography
(adapted from Rodriguez-Porcel et al. 2009
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oxygen and ATP. In contrast, Renilla luciferase (RLuc), derived from the antho-
zoan sea pansy Renilla reniformis, catalyzes coelenterazin, a substrate distinct
from luciferase and acts in an ATP-independent manner (Bhaumik and Gambhir
2002). Bioluminescent imaging of RLuc is compromised by low signal intensity,
impairing imaging of cells in deeper tissues and thereby restricting imaging
(Henriquez et al. 2007). The humanized Gaussia luciferase (GLuc), derived from
the marine copepod Gaussia princeps, likewise uses coelenterazin as a substrate
and does not require ATP but emits a markedly more intense signal and may
therefore overcome the limitations associated with RLuc (Tannous et al. 2005).
The native GLuc is secreted, allowing monitoring of tumor progression and
treatment response of systemic metastases by biochemical analysis of a blood
sample (Santos et al. 2009).

Especially the use of the new generation of FFLuc (the mammalian codon-
optimized FFLuc2) enables extremely sensitive imaging and is very useful for
monitoring cell tracking and survival in small animals (Kim et al. 2010; van der
Horst et al. 2011a; Caysa et al. 2009) (Fig. 7). However, BLI provides mainly
planar imaging with limited depth information and signal localization, and changes
in depth of the signal can be confused with changes in cell survival. In addition,

24
hours

‘Regular’
firefly luciferase

48
hours

Codon optimized 
firefly luciferase

Fig. 7 Real-time imaging of skeletal metastasis after intracardiac inoculation of human prostate
cancer cells, PC-3MPro4, which stably express firefly luciferase (luc) or a codon-optimized
luciferase 2TM (Promega). The codon-optimized luc2 reporter construct allows superior,
sensitive, real-time cancer cell tracking, bone colonization, and growth (van der Horst,
manuscript in preparation). Clusters of 20–50 cells in bone can now be detected reproducibly,
thus allowing the study of early steps in bone colonization and initial growth (functional and drug
response studies). Furthermore, technical inoculation failures of PC-3MPro4luc2 can be
visualized immediately (see arrows). These animals can be readily removed from the experiment
leading to more reliable results
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the technique is restricted to small animals and is very superficial in larger objects.
However, recent developments show that BLI tomography may be able to provide
3D quantitative source information in the future (Zhang et al. 2008; Virostko and
Jansen 2009).

6.2 Fluorescent Imaging

Other markers for live-cell imaging are fluorescent proteins or fluorochromes
targeted to specific cell compartments or molecules. Fluorescent imaging is based
on the detection of emitted light subsequent to their excitation by light of a specific
wavelength (Figs. 5, 8, 9a). Fluorescent imaging can be divided into Fluorescent
reflectance Imaging (FRI) and Fluorescence Molecular Tomography (FMT), the
latter being able to provide 3D information (Graves et al. 2004). Some fluorescent
probes can be cytotoxic (e.g., Green Fluorescent Protein, GFP), but the most recent
fluorescent proteins are well tolerated by cancer cells (Tsien 2003; Schroeder
2008; Rothbauer et al. 2006; Shaner et al. 2005).

For deeper imaging of small animals, the fluorescent proteins optimally need to
be in the far red or near-infrared (NIR), because then autofluorescence of the tissue
is less prominent and tissue penetration is improved (Figs. 5, 9) (reviewed in
Hilderbrand and Weissleder 2010). It has been shown that the red fluorescent
protein DsRed-2 can be used to noninvasively follow cancer metastasis in

Multistep Process 
of Bone Metastasis

Cell Tracking &
Drug Response

Invasion &
Proteolysis

Cell Survival
Apoptosis, necrosis

Immune response

Angiogenesis Bone remodelling

Signalling Pathways

Imaging Receptor 
Status

Multistep Process 
of Bone Metastasis

Growth factor receptors
e.g. Her2/neu, EGFR (Ab-coupled Qdots)

e.g. Caspase cleavable NIRF probes

Fluorescent bisphosphonates
(e.g.Osteosense   )TM

TM
CathepsinK 680   (resorption))
Runx2 imaging reporter

BLI and FLI reporter constructs
(e.g. Elastase
Myeloperoxidase (luminol))

e.g. Integrisense    , TM

RGD NIRF peptides, Qdots, 
VEGR-Ab-Qdots

Protease-activatible fluorescent probes
(e.g.MMPsense, Prosense, CathepsinK)

BLI and FLI reporter constructs
(e.g. TGFβsignalling= CAGA-luciferase, 
BMP signalling=BRE4-luciferase)

e.g. NIRF protein reporters, luciferases

Fig. 8 Molecular imaging greatly facilitates real-time assessment of complex processes
involved in the pathogenesis of skeletal metastasis
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real-time in nude mice and transgenic GFP nude mice (Katz et al. 2003; Yang
et al. 2003). Mutations in DsRed2 resulted in a series of the Living colors fruit
fluorescent proteins including the red or far red proteins mCherry, mPlum and
tdTomato (Shaner et al.2004, 2005).

Another far-red fluorescent protein is Katushka or mKate, bright fluorescent
proteins which have high pH stability and photostability and demonstrate no toxic
effects in cells (Shcherbo et al. 2007). The use of fluorescent proteins for imaging
cancer dynamics in vivo at the tumor and cellular level has been reviewed by
Hoffman (2009), describing for example the use of fluorescent proteins to differ-
entially label cancer cells in the nucleus and cytoplasm to visualize the nuclear-
cytoplasmic dynamics of cancer cell trafficking in both blood vessels and lym-
phatic vessels in small animals. In addition, to visualize tumo–stroma interactions,
eNOS-GFP transgenic mice can be used. These mice possess green blood vessels;
near-infrared labeled cancer cells can be inoculated in these mice and visualized
by intravital microscopy (van Haperen et al. 2003).

Quantum dots (QDs) are highly fluorescent particles that can be manipulated to
emit different wavelengths of light and provide brighter and more stable signals
for molecular and cellular imaging (Jaiswal et al. 2003; Dubertret et al. 2002).

Cell Tracking

(NIRF protein)

CAGA-luc2 BRE4-luc

Real-time imaging of 
pathway activity (luciferase)

CMV-mCherry

(a) (b)

Fig. 9 Multi-modality imaging of MDA-MB-231 breast cancer cells in mouse long bones.
MDA-MB-231 cells constitituvely express the fluorescent near-infrared protein mCherry for
cell tracking (estimation of tumor burden, left panel). Simultaneous, stable expression of CAGA-
luciferase and BRE-luciferase reporter construct allows real-time imaging of BMP and TGFb
pathway activity in bone metastases (right panel)
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Nevertheless, QDs tend to aggregate in the cytoplasm, are difficult to deliver to
the cells, and have nonspecific binding to multiple molecules (Fig. 5). Quantum
dots and other fluorescent proteins can be coupled to antibodies and, for
example, be used to monitor changes on the surface of living cells by the
simultaneous detection of several cell surface markers (Jaiswal et al. 2003).
However, these probes tend to have a relatively high background level due to
unbound probe.

6.3 Multimodality Imaging

Taking into account that every imaging modality has its advantages and draw-
backs, combining two or several imaging modalities may provide a better solution
(multimodality imaging) (Fig. 5).

BLI only gives a 2D image and reveals little spatial information for cell
tracking. In contrast, MRI and PET provide a higher spatial resolution and can
be used in clinical imaging, but with a significantly lower detection threshold
(Kraitchman et al. 2003; Hinds et al. 2003; Yaghoubi et al. 2009). For small
animal imaging, several constructs have been developed. For example, a double-
fusion of firefly luciferase (Fluc) and enhanced green fluorescence protein (eGFP)
gene has been used in several studies, including molecular imaging of embryonic
stem cells (Henriquez et al. 2007, Kaijzel et al. 2009; Snoeks et al. 2011; van der
Bogt et al. 2006; Cao et al. 2007; Lee et al. 2009). Photons emitted by Fluc can be
detected by sensitive CCD cameras and eGFP allows confirmation of in vivo
imaging signals with traditional postmortem histology. Moreover, a triple fusion of
FLuc, monomeric red fluorescent protein (mRFP), and herpes simplex virus
truncated thymidine kinase (HSV-ttk) have been used by Cao et al. to monitor
survival, proliferation, and migration of murine embryonic stem cells after intra-
myocardial transplantation (Cao et al. 2006). In this study, FLuc was used for its
sensitive bioluminescent imaging, the mRFP fluorescent protein for FACS sorting
and fluorescent imaging, and the HSVttk for deep tissue PET imaging with high
anatomical details (Cao et al. 2006). Other multimodality studies used hybrid
magnetic-fluorescent QD nanoparticles to detect tumors in mice by both MRI as
well as fluorescent imaging allowing for enhanced resolution as well as anatomic
information. In addition to MRI, optical imaging can also be combined with PET
or CT imaging (reviewed in Hilderbrand and Weissleder 2010; McCarthy et al.
2010 and Snoeks et al. 2011).

A combination of several imaging modalities is also possible due to recent
advances in data capturing and reconstruction. A combination of PET, lCT, and
3D FLI can be used to simultaneously image integrins (fluorochrome-derived RGD
peptide targeting integrin (Integrisense near-infrared fluorescent probe)) in the
tumor, cathepsin activity (Prosense fluorescent probe), as well as skeletal ana-
tomical structure (PET-CT) (Nahrendorf et al. 2010).
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6.4 Functional Imaging

As described above, several processes are important for the development of bone
metastases, including primary tumor growth, angiogenesis, intravasation, survival
in the bloodstream, extravasation, and colonization of the skeleton. In addition, for
colonization of the skeleton, interactions of the tumor cells with the bone stroma
are important (Figs. 1, 2). Imaging can not only be used to localize and follow the
growth of the tumor cells, but also to visualize the expression and activity of
specific molecules and biological processes that influence the behavior of the
tumor cells (Figs. 8, 9).

Several probes have been developed to study different biological processes.
For example, the skeleton can specifically be studied using bone specific probes
(Fig. 8) including fluorescently labeled bisphosphonate OsteosenseTM (Perkin–
Elmer) or the fluorescently labeled tetracycline derivative Bone Tag (LI-COR
Biosciences) (Kozloff et al. 2007; Snoeks et al. 2011). These bone probes are
incorporated into the bone at sites with high bone-turnover, which occurs during
cancer-induced bone remodeling (van der Pluijm et al. 2005; Zaheer et al. 2001).
Other interesting probes are the above described Prosense probe that can be used to
visualize cathepsin K activity, which is highly present at osteolytic lesions and site
of active bone resorption (Teitelbaum 2000; Drake et al. 1996; Kozloff et al.
2009). Prosense is one of the smart probes, a cleavable probe which provides
information about the activity of an enzyme. The substrate of the enzymes is
coupled to a fluorophore, which is quenched due to the structure and location of
the fluorophore. Upon cleavage by the enzyme, the fluorophore is released and can
be detected (Fig. 8).

Other smart probes were designed to visualize the matrix degradation process,
which is an important process for cancer cell motility and invasiveness, such as
MMPsense (Perkin-Elmer) that is activated by the matrix metalloproteases MMP2
and MMP9 (Bremer et al. 2001).

Moreover, several probes have been developed targeting avb3 integrin, such as
Integrisense (reviewed in Snoeks et al. 2010). It has been shown that avb3 integrin
enables tumor growth in bone (McCabe et al. 2007). In addition, av -integrins play
a pivotal role in the supportive stroma in bone metastasis, particularly in tumor-
induced osteoclastic bone resorption and angiogenesis (van der Horst et al. 2011b;
Nakamura et al. 2007; Hynes 2007; Nicholson and Theodorescu 2004).

Reporter genes consist of gene regulatory elements (promoters and enhancers)
that drive the expression of various luciferases or fluorescent proteins that can be
used to provide functional information about gene or pathway activity (Figs. 8, 9).

For example, the transforming growth factor b (TGFb) signaling pathway in
bone metastases has been studied, sequentially over time in the same animal
(Serganova et al. 2009). This simultaneous and sequential imaging of metastases in
the same animals provided insight into the location and progression of metastases,
and the timing and course of TGFb signaling. In addition to the TGFb pathway,
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preliminary data show that the BMP signaling pathway can be measured likewise
to investigate this pathway in vivo (Fig. 9).

In addition to imaging of growth factor signaling pathways, imaging can also be
used to visualize other processes important for tumor growth and metastasis such
as angiogenesis. For example, a vascular endothelial growth factor receptor-2
(VEGFR2) luciferase transgenic mouse model was developed which displays
VEGFR2 activity. When bound to VEGF (a pro-angiogenic ligand), VEGFR2
induces angiogenesis by stimulating vascular endothelial cell growth (Zhang et al.
2004).
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Fig. 10 Development of osteolytic lesions by MDA-MB-231 cells growing in mouse tibia.
Quantifying osteolysis by radiography does not necessary correlate with tumor burden (panels A
and B respectively). While bisphosphonates display strong bone-sparing effects in various in vivo
models (intra-bone growth of MDA-MB-231 cells expressing luciferase, panel A) intra-bone
growth of cancer cells was not significantly affected (measured by bioluminescence, panel B).
Because imaging of tumor cells by bioluminescence requires ATP (and oxygen) only viable
cancer cells will generate photons, thus allowing rapid assessment of drug responses (adapted
from Van Der Pluijm et al. 2005)
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7 Future Perspectives

Better understanding of the processes involved in skeletal metastasis and the
development of new therapies requires noninvasive high-resolution in vivo
imaging. Ideal preclinical models of bone metastasis mimic the genetic and
phenotypic changes that occur in human cancers, including all the steps in the
metastatic cascade. In addition, such models are reproducible and progress rapidly
to enable cost-effective investigations. Finally, the ideal model should be able to
predict human response to therapy.

In this chapter, several preclinical models of bone metastasis have been dis-
cussed with their advantages, limitations, and pitfalls (Fig. 10). Transplantation
models (either xenograft or syngeneic), and especially the humanized models, will
continue to be indispensable to investigate the pathogenesis of bone metastasis in
vivo as well as to conduct preclinical studies on chemotherapeutics and new
therapeutics. Given the complexity of bone metastasis, many genes are expected to
be involved in the pathogenesis and few are likely to be indispensable. Transgenic
models of several target genes continue to be refined and eventually will mirror
human disease more closely enabling the identification of key targets for thera-
peutic intervention. In addition to the tumor, the tumor-associated stroma plays a
pivotal role in the process of bone metastasis, and studying the role of the stroma
will definitely identify key targets for therapeutic intervention.

Further refinements of the preclinical models also include the refinement of the
imaging techniques used to monitor the preclinical models. Small animal optical
imaging is a cost-effective and attractive tool to study the multi-step process of
bone metastasis. Near-infrared emitting molecular imaging agents have recently
been introduced to in vivo bone metastasis models.

In particular, the combination of optical imaging agents and techniques with
anatomical data from other imaging modalities (e.g., CT or MRI) will certainly aid
in the understanding of the pathological process of bone metastasis. These inno-
vations will improve drug development and eventually also clinical application, by
supporting the diagnostic process, the detection of minimal residual disease, and
by enabling image-guided surgery.
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The Role of Bone Microenvironment,
Vitamin D and Calcium

Daniele Santini, Francesco Pantano, Bruno Vincenzi,
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Abstract

Starting first from Paget’s ‘‘seed and soil’’ to the latest hypothesis about
metastatic process involving the concept of a premetastatic niche, a large
amount of data suggested the idea that metastatization is a multistep
coordinated process with a high degree of efficiency. A specific subpopulation
of cells with tumor-initiating and migratory capacity can selectively migrate
toward sites that are able to promote survival, and/or proliferation of metastatic
tumor cells through a microenvironment modification. Bone plays a pivotal role
in this process, acting not only as a preferential site for cancer cells’ homing
and proliferation, due to a complex interplay between different cellular
phenotypes such as osteoblasts and osteoclasts, but also as a source of bone
marrow precursors that are able to facilitate the metastatic process in extra-
skeletal disease. Moreover, bone microenvironment has the unique capacity to
retain cancer stem cells in a quiescent status, acting as a reservoir that is able to
cause a metastatic spread also many years after the resection of the primary
tumor. To add a further level of complexity, these mechanisms are strictly
regulated through the signalling through several soluble factors including PTH,
vitamin D or calcium concentration. Understanding this complexity represents a
major challenge in anti-cancer research and a mandatory step towards the
development of new drugs potentially able not only to reduce the consequences
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of bone lesions but also to target the metastatization process from the ‘‘bone
pre-neoplastic niche’’ to ‘‘visceral pre-neoplastic niches’’.
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1 Bone Premetastatic Niche

Paget’s ‘‘seed and soil’’ theory postulated that cancer cells ‘‘colonize’’ the organs
whose microenvironment is advantageous. Starting from this theory, we can say
that metastasis is a remarkably efficient, multistep process. The determinants of
‘successful metastatic growth in a given organ are poorly understood, but there is
substantial evidence to suggest that tumor cells and host tissue both play important
roles in metastasis. This hypothesis started from a new model of metastasis for-
mation. This ‘early metastasis model’ suggests that tumor cells leave the primary
site much earlier in tumourigenesis (Pardal et al. 2003). The model is based on
experimental data about cancer stem-like cells (CSC), a population of cells, within
tumor mass, able to navigate in the bloodstream and to localize new metastatic
sites (Pardal et al. 2003; Al-Hajj et al. 2003).

Populations of cells with tumor-initiating capacity have been shown to exist in
human acute myeloid leukaemia (Lapidot et al. 1994; Bonnet and Dick 1997) and
in several solid malignancies, such as breast (Al-Hajj et al. 2003) and colon cancer
(O’Brien et al. 2007). Accordingly, ‘‘premetastatic niches’’ can be defined as a
localized microenvironment that is being formed in metastatic target organs, prior
to the arrival of metastatic tumor cells. Moreover, premetastatic niches consist of a
collection of specific proteins and Bone Marrow Derived Cells (BMDCs). In fact,
during the early development of primary tumors, neovascularization is guaranteed
by VEGF-receptor 1+ (VEGFR1+), hematopoietic progenitor cells (HPC) which
support the recruitment and incorporation of bone marrow-derived VEGF receptor
2+ (VEGFR2+) endothelial progenitors cells (EPC). These bone marrow-derived
cells are also able to form clusters of cells in the tissue parenchyma at common
sites of metastasis before actual tumor cell seeding. At these sites, bone marrow-
derived cells express VEGFR1, CD11b, c-kit and other markers of their progenitor
cell status within the tissue parenchyma of the premetastatic niche. Then, in
response to the primary tumor chemokine secretion and other events, the VEG-
FR1+ HPCs proliferate and circulate in the bloodstream, but also preferentially
localize to areas of increased fibronectin, newly synthesized by resident fibroblasts
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and fibroblast-like cells. The VEGFR1+ HPCs express integrin VLA-4 (or a4b1),
allowing them to adhere specifically to the newly synthesized fibronectin for the
initiation of cellular cluster formation. Other mediators such as metalloprotease 9
(MMP-9) allow extravasion of VEGFR1+ HPC. The VEGFR1+ HPCs, along with
fibronectin and associated stromal cells, cause modifications of the local micro-
environment, which leads to the activation of other integrins and chemokines such
as SDF-1. SDF-1 itself promotes attachment, survival and growth of tumor cells.

Therefore, premetastatic niches are thought to be fertile regions of tissue that
facilitate the invasion, survival and/or proliferation of metastatic tumor cells,
providing a highly novel mechanism for the promotion of metastasis (Kaplan et al.
2005). Furthermore, some tissues are more receptive to a given metastasizing
tumor cell type, which can explain the tendency of tumor cells to metastasize to
some organs more often than other organs in a way that cannot be explained by
differences in blood flow. In addition to target organ-specific growth of metastases,
metastatic tumor foci seem to grow preferentially in specific areas of some tissues.
So, we can postulate that cross-talking between bone microenvironment and
cancer cells facilitates bone tropism of cancer cells. Moreover, there is some
evidence that a specific subpopulation of cancer cells forming primary tumor sites
can circulate as stem cells do.

1.1 Starting From the Primary Tumor Site: The Cancer
Stem Cells

1.1.1 Cancer Stem Cell Characteristics
Stem cells are defined by their ability for self-renewal, differentiation into adult tissue
and migration. Cancer stem-like cells are defined as cells capable of giving rise to a
new tumor, and are thought to be the root cause of cancer. While still controversial,
the Cancer Stem-like Cell (CSC) hypothesis may be directly relevant to metastatic
theory, as such cells are good candidates for the acquisition of migratory capabilities
and propagation of heterogeneous tumor cell populations at distant sites. Cancer
stem-like cells may show some similarities to normal stem cells, but there appear to
be differences too. While normal stem cells are present in tissues in relatively low
numbers, the proportion of cells with specific CSC surface markers residing in a
given tumor seems to vary greatly, up to 24.5% in colon cancer or 12–60% in breast
cancer. In addition, putative breast cancer stem-like cells expressing CD44
(an adhesion molecule that binds hyaluronate) and lacking CD24 (an adhesion
molecule that binds P-selectin) have been shown to switch to a more differentiated
CD24-positive phenotype in distant metastases with loss of CD44, which can even
progress to initiate further metastases (Shipitsin et al. 2007). As tumors progress
through clonal selection of more malignant and less differentiated cells, differenti-
ation between putative highly successful cancer stem-like cells and the rest of the
tumor cells is difficult (Shipitsin and Polyak 2008). Another CSCs surface marker is
CD133, which has been shown to be expressed in several solid malignancies such as
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intestine, brain, lung and prostate (Sing 2003; Collins et al. 2005; Shmelkov et al.
2008; Bertolini et al. 2009). However, it was demonstrated that CD133 is expressed
in differentiated epithelium cells. Moreover, both CD133-positive and
CD133-negative metastatic cells were able to start tumorigenesis. These findings
raised the question of whether the CD133-negative cells have represented a largely
non-epithelial population of stromal and inflammatory cells.

1.1.2 The Acquisition of Self-Renewal and Migration Ability
(The Epithelial Mesenchymal Transition)

Many signaling pathways involved in stem-cells renewal cause neoplastic prolif-
eration and migration when dysregulated by mutations. The most studied pathways
are WNT, sonic hedgehog (SHH), NOTCH and PTEN.

The features of these pathways in normal and neoplastic cells are summarized
in Table 1.

WNT Pathway
WNTs are secreted proteins which bind Frizzled receptors. This link activates
Dishevelled (DSH) which disrupts the complex of glycogen synthase kinase 3b
(GSK3b), Casein Kynase 1 (CK1), axin and adenomatosis poliposis coli (APC).
This disruption inhibits interaction with APC-b-catenin and allows b-catenin to
accumulate and translocate to the nucleus, binding LEF\TCF transcription factors
and activating the expression of target genes promoting cellular proliferation.
Mutations of this pathway have been implicated in many types of cancers (Polakis

Table 1 Signaling pathway involved in stem-cells renewal

Pathway Normal function Function in tumorigenesis

WNT WNT are secreted proteins that bind
Frizzled receptors, causing a chain of
reactions with final induction of cell
proliferation

It activates the overexpression of
target genes promoting cancer
cell proliferation

PTEN It plays an important role in self-
renewal and activation
of hematopoietic stem cells

It forms a complex signaling network
and maintains the cancer stem cell population

NOTCH It plays a role in the normal
development of many tissues and cell
types through diverse effects on cell
fate decision, stem cell renewal,
differentiation, survival and
proliferation

Its upregulation is involved in tumor
metastatization

SHH It promotes osteoblast differentiation
in multipotent mesenchymal cells by
upregulating the expression and
function of RUNX2

Abnormal activation of the pathway
leads to development of disease
through transformation of adult stem
cells into cancer stem cells
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1999; Zhu and Watt 1999). Expression of stabilized b-catenin promotes the self-
renewal of many types of stem cells. WNT signaling activates the same pathway in
colorectal cancer cells (Chenn and Walsh 2002). Mutations that activate WNT
signaling cause the hyperproliferation of crypt progenitors, generating benign
polyps (Powell et al. 1992). So, tumorigenesis in the intestinal epithelium seems to
be caused by the hyper-self-renewal of intestinal-crypt stem cells, followed by the
accumulation of additional mutations (Kinzler and Vogelstein 1996).

PTEN Pathway
PTEN plays an important role not only in self-renewal and activation of hemato-
poietic stem cells but also in the prevention of leukemogenesis (Zhang et al. 2006).
It is quite likely that PTEN also plays an important role in breast cancer stem cells
by negatively regulating PI3K/mTOR/STAT3 signaling. Some in vitro studies
showed that overexpression of PTEN decreased cancer cell tumorigenicity (Cheney
et al. 1998; Zhou et al. 2007). PTEN/PI3K/mTOR/STAT3 signaling forms a
complex signaling network that is able to maintain the cancer stem cell population
within the whole cell population (Zhou et al. 2007).

Notch Signaling System
Notch plays a key role in the normal development of many tissues and cell types
through diverse effects on stem cell renewal, cellular differentiation, survival and
proliferation (Artavanis-Tsakonas et al. 1999). The Notch signaling system
includes Notch ligands (Jagged 1), receptors, negative and positive modifiers and
Notch target transcription factors. One of the most important functions of the
Notch pathway is expansion of the hematopoietic stem cell compartment during
bone development, and participation in osteoblast differentiation (Nobta et al.
2005). Moreover, this signaling system is aberrantly activated in a variety of
human cancers, including T-cell acute lymphoblastic leukemia and carcinomas of
the lung, colorectum, prostate and the breast (Radtke and Raj 2003;
Kunnimalaiyaan and Chen 2007; Proweller et al. 2006). Notch upregulation is
involved in tumor metastatization, and its inhibition impairs tumor spreading
(Hughes 2009). Osteoblasts within the bone marrow are identified as the niche for
supporting long-term hematopoietic stem cells, providing the Notch ligand
Jagged1 and other factors under regulation by bone morphogenetic protein (BMP)
and PTH/PTHrP signaling (Calvi et al. 2003). Increasing evidence suggests that
the osteoblast niche inhibits drug-induced apoptosis and confers de novo drug
resistance in myeloma cells (Nefedova et al. 2004). This type of paracrine Notch
signaling in metastatic cancer cells could explain their predisposition to bone
metastasis. Moreover, cross-talk occurs between TGF-b and the Notch pathway.
TGF-b increases the expression of Hes-1, a direct target of Notch, in several cell
types (Blokzijl et al. 2003). TGF-b induces the interaction of the intracellular
domain of Notch1 with Smad3. TGF-b-induced EMT is blocked by RNA silencing
of the Notch target gene Hey-1 and the Notch ligand Jagged1, and by chemical
inactivation of Notch (Zavadil et al. 2004).
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SHH Pathway
Sonic hedgehog (SHH) ligands have an autocrine and paracrine action. When SHH
reaches its target cell, it binds to the Patched-1 (PTCH1) and -2 (PTCH2) receptors.
These in turn relieve the Smoothened (SMO) inhibition, leading to activation of the
GLI (GLI 1, GLI 2, GLI 3) transcription factors. Abnormal activation of the pathway
probably results in early carcinogenesis through transformation of adult stem cells
into cancer stem cells (Dahmane et al. 1997; Ruiz i Altaba et al. 2002). In vitro
models showed that cancer cells overexpressing SHH upregulated the expression of
SHH-responsive target genes GLI1 and PTCH1 in pre-osteoblasts cells, leading to
the induction of early phase osteoblast differentiation. Cancer cells that metastasize
to bone are in close physical contact with bone stromal cells including bone cells and
their osteoblast progenitors, fibroblasts, hematopoetic cells and multipotent mes-
enchymal stem cells, and the SHH pathway induces bone modification in order to
create the conditions for the premetastatic niche. In fact, downstream mechanism
through which SHH-signaling induces osteoblast differentiation is not fully under-
stood. A recent study has demonstrated that SHH promotes osteoblast differentiation
in multipotent mesenchymal cells by upregulating the expression and function of
RUNX2 (Shimoyama et al. 2007; Spinella-Jaegle et al. 2001). Other data suggest that
in cells that are already committed to the osteoblast lineage and express endogenous
levels of RUNX2, the induction of osteoblast differentiation by SHH occurs through
a mechanism that does not require further transcriptional upregulation of RUNX2
(Zunich et al. 2009).

These and other pathways enable cancer cells to acquire stem cell-like char-
acteristics. Furthermore, the acquisition of mesenchymal markers such as fibro-
nectin, and progressive loss of E-cadherin in tumor cells with nuclear b-catenin
accumulation, suggest that they have undergone an epithelial–mesenchymal
transition (EMT) or transdifferentiation. This process of EMT can be described by
the chronological sequence of five morphogenetic events:
1. Disassembly of tight junctions, which results in the redistribution of Zonula

Occludens (ZO) proteins, claudins and occludins.
2. Disruption of the polarity complex.
3. Initiation of cytoskeleton reorganization (through actin reorganization).
4. Metalloprotease upregulation.
5. Increased deposition of extracellular matrix proteins.

In vitro and in vivo experiments showed that EMT is also promoted by Tumor
Growth Factor b (TGF-b) (Miettinen et al. 1994; Piek et al. 1999; Derynck et al.
2001; Hugo et al. 2007). In fact, its related proteins cause transcription of different
mesenchymal genes and repression of epithelial genes (Xu et al. 2009). These
phenotypic changes finally promote cell mobility and migration to the premeta-
static niche (bone microenvironment), and eventually cellular differentiation into
distinct cell types (acquisition of the osteomimetic phenotype, osteomimicry).
EMT is initiated by external signals, the extracellular matrix and soluble factors
such as those of the TGF-b superfamily. These signaling pathways are thought to
control the invasive behavior of solid cancers.
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1.1.3 Tumor-Associated Macrophages
Solid tumors are not only composed of malignant cells, but they are also
complex organ-like structures comprising many cell types, including a wide
variety of migratory hematopoietic and resident stromal cells. Migration of
these cell types into tumors has been interpreted as evidence for an immuno-
logical response of the host against any growing tumor. However, it is now
acknowledged that tumors are largely recognized as self and lack efficient
antigens. Instead, they appear to have been selected to escape the host immune
system, to prevent rejection and facilitate tumor growth and spreading. This led
to the proposal that infiltrates of hematopoietic cells have a causal role in
carcinogenesis. Clinical data collected from a wide range of solid tumors
underscore these findings, showing high densities of leukocytic infiltrations—
mostly macrophages—correlating with a poor prognosis. Tumor-Associated
Macrophages (TAM) originate from circulating monocytes and are activated
macrophages of the polarized type II (M2 macrophages or activated macro-
phages), mainly induced by IL-4, IL-10, IL-13 and corticosteroids. Differential
cytokine and chemokine production, and coordinated temporal and spatial
activities of these cells in the tumor stroma are key features of polarized
macrophages, which promote tumor angiogenesis and growth (Pollard 2009).
These data suggest the new hypothesis that tumors can modify the behavior of
macrophages from a potentially hostile antitumor phenotype to one that pro-
motes malignancy. But what is the precise nature and function of these tumor-
promoting macrophages? Can they participate in the building of a premetastatic
niche? Increasing data support the identifying of a specific subpopulation of
macrophages which:
1. Express the endothelial-cell marker TIE2 receptor (also known as TEK); their

importance is shown by their ablation that blocks angiogenesis in xenograft
tumors (De Palma et al. 2007).

2. Secrete VEGF through the HIF pathway (Murdoch et al. 2008).
3. Facilitate tumor cell motility; moreover, intravasation of tumor cells also

occurs next to clusters of macrophages on the vessel surface (Wyckoff 2007).
4. Secrete MMP leading to ECM degradation (Hagemann 2005).
5. Secrete TNF, and activates the wNT-b-catenin pathway (Pukrop et al. 2006).

Moreover, TAM produce TGF-b which is involved in the process of EMT
(Mantovani et al. 2006; Pollard 2009; Kagan and Li 2003). By doing so, mac-
rophages may participate in the building of a premetastatic niche.
M2 macrophages are known as differentiated cells in response to parasitic
infection, allergic conditions and during tissue repair. IL-13 and IL-4 are the
most important cytokines supporting the process of EMT. In the tumor micro-
environment however, macrophages develop in the presence of growth factors
such as CSF1, or in response to molecules that signal through nuclear factor-jB
(NF-jB), becoming non-immunogenic and trophic (Pollard 2009). Overall, these
data suggest macrophages to substantially participate in the building of the
premetastatic niche.
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1.1.4 Lysyl Oxidase
Lysyl Oxidase (LOX) is produced by fibrogenic cells. The main activity of LOX is
thought to be oxidation of specific lysine residues of collagen (Kagan and Li 2003).
Increased expression of LOX has been found in metastatic and/or invasive breast
cancer cell lines and is associated with higher stages of disease in patients with renal
cell carcinoma (Kirschmann et al. 2002). Hypoxic tumor cells often have increased
LOX expression and secretion, enabling cell movement to more oxygenated and
nutrient-rich areas. Then, LOX increases cell invasion and migration through reg-
ulation of cell–matrix adhesion. In addition, matrix remodeling by invasive tumor
cells provides a more ideal soil for any succeeding tumor cells, building a kind of
‘‘highway to metastasis’’. LOX may be involved in tumor interactions with the cell–
matrix required for intravasation and extravasation. Then, LOX is required for the
formation of a mature ExtraCellular Matrix (ECM) at the secondary site, allowing
tumor cell survival and possibly BMDC recruitment (Erler and Giaccia 2006). LOX
secreted by hypoxic tumor cells accumulates at premetastatic sites, crosslinks col-
lagen IV in the basement membrane and is essential for myeloid cell recruitment.
Finally, tumor cells adhere to crosslinked collagen IV and produce matrix metallo-
proteinase-2, which cleaves collagen, enhancing the invasion and recruitment of
BMDCs and metastasizing tumor cells (Erler et al. 2009).

1.2 The Long Way to the Bone: The Importance
of Chemokines

Chemokines are small chemoattractant cytokines that bind to specific G-protein-
coupled transmembrane receptors present on the plasma membranes of target cells.
These molecules can guide circulating cancer cells to the bone.

1.2.1 CXCR4\SDF-1 Pathway
The chemokine receptor CXCR4 (or CD184) is an alpha-chemokine receptor for
stromal-derived-factor-1 (SDF-1 or CXCL12) alpha or beta. SDF-1 and CXCR4
are a relatively ‘monogamous’ ligand-receptor pair (in contrast to other chemo-
kines that bind several chemokine receptors in a more ‘promiscuous’ manner)
(Arya et al. 2007). In the normal bone marrow, SDF-1 is produced by osteoblasts,
fibroblasts and endothelial cells. Parathyroid hormone (PTH), PDGF (platelet-
derived growth factor), interleukin-1 (IL-1), vascular endothelial growth factor
(VEGF) and tumor necrosis factor alpha (TNF-a all induce SDF-1 production by
osteoblasts (Jung et al. 2006). SDF-1 is important in hematopoietic stem cell
homing to the bone marrow and in hematopoietic stem cell quiescence. It has been
demonstrated that by blocking the CXCR4 receptor, hematopoietic stem cells
mobilize into the bloodstream as peripheral blood stem cells. Moreover, it has
been demonstrated that SDF-1 production can induce all of the following:
1. Osteoclast precursor recruitment by promoting chemotaxis, proteinase activity

and collagen transmigration (Yu et al. 2003a, b).
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2. Angiogenesis by recruiting endothelial progenitor cells (EPC) from the bone
marrow via CXCR4-dependent mechanisms (Zheng et al. 2007).

3. Lymphocyte chemotaxis (Bleul et al. 1996; Ma et al. 1998).
There are many experimental data concerning the importance of the

CXCR4\SDF-1 pathway for neovascularisation and metastatic spreading to SDF-1-
expressing tissues, especially the bones:
1. Cancer cells in some organs such as lung, liver and bone produce large

quantities of SDF-1 (Muller et al. 2001).
2. SDF-1 mRNA expression is observed in the metaphysis of the long bones, near

the endosteal surfaces covered by osteoblastics (Sun et al. 2005). In an
experimental animal model of breast cancer bone metastasis, it has been
demonstrated that single tumor cells are homing to the metaphyses of the long
bones after systemic inoculation. Furthermore, they were mostly located in
close proximity to osteoblasts and lining cells (Phadke et al. 2006).

3. A gradient of chemokine expression was found between peripheral blood and
bone marrow, with an increased expression of SDF-1 in the bone marrow along
with lower concentrations of SDF-1 in serum, while increased expression of
CXCR4 is found in peripheral blood with lower expression in bone marrow.
This gradient promotes cancer cell migration into the bone marrow and pre-
vents further trafficking of cancer cells (Hofbauer et al. 2008).

4. There is some evidence that activation of the SDF-1/CXCR4 pathway not only
regulates migration and homing of cancer cells to the bone but also regulates
adhesion, invasion and cytoskeletal rearrangement of cancer cells (Gerritsen
et al. 2002).

5. Blocking CXCR4 with antibodies reduces the formation of experimental bone
metastases induced by CXCR4-expressing breast or prostate cancer cells (Liang
et al. 2004).

1.2.2 RANK\RANK-L Pathway
The RANK\RANK-L pathway is involved in tumor-induced osteoclastogenesis
and osteolysis. RANK-L is physiologically produced by osteoblasts and stimulates
osteoclast precursor recruitment and maturation. Then, mature osteoclasts cause
bone reabsortion (Lacey et al. 1998). Normal glandular epithelial cells express
RANK, and the RANK–RANKL pathway is involved in normal development of
lactating mammary glands (Fata et al. 2000). It has been demonstrated that RANK
expression facilitates cancer cell migration into the bones. Recent in vivo studies
demonstrated the association between RANK expression and cancer cell osteot-
ropism (Jones et al. 2006). In fact, it has been found that RANK is expressed by
solid tumors, with a high concordance of the expression profile between bone
metastases and corresponding primary tumors (Santini et al. 2010a, b). Moreover,
RANK is clearly associated with early bone metastasis formation in breast cancer
(Santini et al. 2010a, b) and, consistent with those data, it has been demonstrated
that osteoprotegerin (OPG), a natural RANK-inhibitor, blocks cancer cell osteot-
ropism (Dougall and Chaisson 2006).
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1.2.3 The Integrin System
The study by Kaplan et al. (2005) showed that VLA4 or anti-VEGFR1
antibodies inhibit the proliferation and binding affinity of tumor cells to
VEGFR1-positive HPCs, demonstrating their direct role in adhesion and
growth of tumor cells. Moreover, other integrins are critical for cancer cell
homing in other target organs. In fact, breast cancer cells expressing avb3-
integrin and prostate cancer cells expressing avb2-integrin, which bind many
bone matrix components, have a higher propensity for spreading to the bones
(Pecheur et al. 2002). Additionally, proto-oncogenic tyrosine kinase c-SRC is
similarly involved in the integrin’s pathway, and has an important role in
cancer cell osteotropism. SRC binds to activated RANK, thereby recruiting
TRAF6 and Grb2-associated binder 2 (Gab2), followed by phosphorylation of
IjBa and JNK, which ultimately leads to activation of the transcription fac-
tors NF-jB and AP-1.

There are clinical and experimental data suggesting that SRC expression:
1. Increases the survival of tumor cells in the bone microenvironment, leading to

the establishment of bone metastases (latent phase of bone metastasis).
2. Increases cell mobility (Zhang et al. 2009).
3. Increases osteotropism of tumor cells (Rucci et al. 2006; Boyce et al. 2003).

Moreover, expression of SRC is involved in bone marrow seeding and sustains
the outgrowth of indolent cancer cells in the bone marrow microenvironment.
Activated SRC plays a critical role in the initiation and maintenance of a tumor
cell response to bone-derived factors CXCL12/SDF and TRAIL. Latency status is
maintained until overt progression to the phase of osteolytic outgrowth.

1.2.4 The BMP Receptor Axis
Bone morphogenetic proteins (BMP) are members of the TGF-b (transforming
growth factor-b) family. So far, three BMP receptors have been characterized:
BMP-R Ia, Ib and II (van Dijke et al. 1994). It has been shown that prostate, breast
and lung cancer cells express BMP-2 mRNA and its protein. Moreover, BMP
receptors are expressed in prostate cancer cell lines (Schwalbe et al. 2003). The
most important functions of BMP-2 in cancer cells are:
1. Promotion of cancer cell migration to the bones (Ite et al. 1997).
2. Modulation of cancer cell migration through the integrins axis.

In fact, breast cancer cell lines upregulate bone sialoprotein (BSP) expression in
pre-osteoblasts (Bunyaratavej et al. 2000), and in vivo inhibition of BMP in
osteoinductive prostate cancer cells inhibits the osteoblastic response in bone
(Schwaninger et al. 2007). Moreover, BMP has been shown to reverse TGF-
b-induced EMT by decreasing vimentin expression and increasing E-cadherin
expression in breast cancer cells and in normal mouse mammary epithelial cells
(Zeisberg et al. 2003; Valcourt et al. 2005).

The role of the cited chemokine network is summarized in Table 2.
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1.2.5 Other Adhesion Molecules

Osteopontin
Osteopontin (OPN) is a glycophosphoprotein and is one of the major compo-
nents of non-collagenous bone matrix. OPN is expressed in osteoblasts and
osteocyctes (bone-forming cells) as well as osteoclasts (bone-resorbing cells).

Table 2 The importance of chemokines

Pathway Normal function Function in tumorigenesis

CXCR4/SDF-1 Osteoclastic precursor recruitment,
endothelial progenitor cell
recruitment, lymphocyte
chemotaxis

It is linked to the
neovascularisation and
metastatic spreading to tissues
releasing the ligands such as
bone

RANK/RANKL Osteoclast precursor recruitment
and maturation

It is involved in tumor-induced
osteoclastogenesis and
osteolysis

Integrin system (avb3
e avb2)

Integrins are expressed by normal
osteoclasts and interact with
components of the bone matrix,
contributing to bone resorption

Tumor cells expressing these
integrins, which bind many
bone matrix components, have
higher incidence of bone
metastases

BMPs/BMP Bone morphogenetic proteins
(BMP) are a group of growth
factors able to induce the
formation of bone and cartilage.
They have an important role
during embryonic development
and on early skeletal formation

It has two important functions:
promotion of migration of
cancer cells to the bone, and
modulation of migration of
cancer cells through the
integrin axis

VCAM-1/ICAM-1 Allows the adhesion and
transmigration of hematopoietic
and lymphoid cells

The cancer cells migrate
through the vasculature using a
process of attachment–
detachment through a cell
adhesion mechanism mediated
by these molecules

OPN Promotes the adherence of
osteoclasts and hematopoietic stem
cells to the bone matrix

Is involved in bone metastatic
spread of breast, prostate and
lung cancer, and OPN
expression confers migratory
abiliy and invasive phenotype
in human mammary cells

Endothelin-1 Stimulates mitogenesis in
osteoblasts

Induces expression and
activation of the tumor
proteases that degrade the
tissue matrix to permit local
invasion and formation of
metastases
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Osteopontin promotes the adherence of osteoclasts and hematopoietic stem cells
to the bone matrix (Asou et al. 2001). Hypocalcemia and hypophosphatemia
both stimulate kidney proximal tubule cells to produce calcitriol (1a,25-
dihydroxyvitamin D3) that stimulates OPN gene translation via the VDRE
(vitamin D response element) in the OPN promoter region (Prince and Butler
1987; Yucha and Guthrie 2003). OPN expression is also regulated by exposure
of cells to various factors and metabolic settings, including tumor necrosis
factor a, infterleukin-1b, angiotensin II, transforming growth factor b (TGFb)
and parathyroid hormone (PTH), hyperglycemia and hypoxia (Noda and Rodan
1989; Hullinger et al. 2001). Finally, it has been shown that OPN is involved
in bone metastatic spread of breast, prostate and lung cancer cells (Wai and
Kuo 2004), and OPN expression confers migratory ability and invasive
phenotype in human mammary cells (Tuck et al. 2003).

Sinusoidal Endothelial Cell Adhesion Molecules
Cancer cells usually settle in bone metaphysis that is rich in sinusoidal micro-
vasculature, rather than bone diaphysis. This is mainly caused by:
1. Hemodynamic properties of the sinusoidal vascular bed, with 90% of the blood

circulating through metaphyseal sinusoids.
2. Characteristics of the sinusoidal endothelia, allowing adhesion and transmi-

gration of hematopoietic and lymphoid cells.
In a model studying the kinetics of metastatic breast cancer cell trafficking in

bone, it has been shown that the majority of cancer cells tended to settle in the
endosteal marrow, rather than in the centrum of the marrow and that primary
tumor cells most often locate in close proximity to osteoblasts and bone lining
cells.

However, migration to the sinusoids of the bone marrow is not sufficient to ensure
colonization by cancer cells. Moreover, cancer cells migrate through the vasculature
using a process of attachment–detachment through cell adhesion mediated by several
adhesion molecules such as E-selectin, N-cadherin, intracellular adhesion molecule
(ICAM-1) and vascular cell adhesion molecule (VCAM-1) (Makuch et al. 2006).
VCAM-1, a member of the immunoglobulin family of cell adhesion molecules, has
ICAM-1 and VLA-4 as its main receptors, with the latter being constitutively
activated in osteoclasts and are also found on many cancer cells. Inflammatory
cytokines produced by osteoblasts in the presence of breast cancer cells may cause
endothelial activation, expression of adhesion molecules and cancer cell invasion
(Glinsky et al. 2001).

Endothelin 1 and ET Receptors
Endothelin-1 (ET-1) has been detected in osteocytes, osteoblasts, osteoclasts and
vascular endothelial cells (Sasaki and Hong 1993). Endothelin-1 stimulates
mitogenesis in osteoblasts (Stern et al. 1995). Moreover, ET-1 enhances the effect
of other osteoblast-stimulatory factors, such as BMP-7, to induce bone formation
(Nelson et al. 1995; Kitten et al. 1997).
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Additionally, ET-1 stimulates the expression of osteopontin and osteocalcin in rat
osteosarcoma cells (Shioide and Noda 1993), and mineralization of the bone matrix
also depends on the ET-1 receptor pathway. Other studies of ET-1 null mice showed
that ET-1 may regulate proliferation and migration of osteogenic cells rather than
modulating the expression of bone matrix proteins (Kitano et al. 1998).

Nevertheless, the role of the ET-1 pathway in bone metastasis is not clear.
Malignant tumors of the breast and prostate are typically associated with osteo-
blastic bone metastases, and both tumors express ET-1 and its receptors. Impor-
tantly, paracrine effects of ET-1 on bone cells may provide a favorable growth
environment for tumor cells in bone. Endothelin-1 is found in normal prostate
epithelium, throughout the entire gland. Addition of exogenous ET-1 increases the
proliferation of prostate cancer cells and enhances the mitogenic effects of IGF-1,
IGF-2, PDGF, epidermal growth factor (EGF) and FGF-2 on cancer cells. More-
over, ET-1 concentrations were significantly higher in men with advanced, hor-
mone-refractory prostate cancer with established metastases to the bones as
compared to patients with early-stage disease (Nelson et al. 1995). Increased ET-1
production has been described in prostate cancer cells through contact with bone
(Chiao et al. 2000). Tumor-derived ET-1 stimulates new bone formation via ETA
receptors on the surface of osteoblasts. Subsequently, growth factors produced by
osteoblasts are incorporated into the new bone matrix as well as the local
microenvironment. Interestingly, ET-1 mediates vasoconstriction of distal blood
vessels, but not of those vessels directly supplying the tumor bed. This ‘vascular
steal phenomenon’ improves local blood supply to the tumor and thereby improves
oxygenation of tumor cells. Activation of endothelial cells by ET-1 stimulates the
production of vascular endothelial growth factor (VEGF) by increasing the levels
of hypoxia-inducible factor-1a (HIF-1a). Endothelin-1, acting through ETA, also
induces the expression and activation of tumor-associated proteases, matrix
metalloproteinases (MMPs) and urokinase plasminogen activator (uPA) (Spinella
et al. 2003). Metalloproteinases degrade the local tissue matrix to permit local
tumor invasion and formation of metastases. Urokinase plasminogen activator in
turn converts plasminogen into plasmin, which degrades the tumor stroma,
allowing the tumor to invade the surrounding tissue and prepare metastatic spread.
Urokinase plasminogen activator might also activate MMP. Taken together, these
factors have the potential to stimulate tumor growth as well as further increase
tumor production of ET-1 (Guise et al. 2003).

1.3 Modification of the Bone Microenvironment:
Premetastatic Niche Formation

Many data suggest the hypothesis that growth of macrometastases starts from the
interaction between the target organ (e.g. bone) and the primary tumor that builds
the premetastatic niche. In fact, studies in breast cancer demonstrated that although
about 30% of patients may have micrometastatic disease in their bone marrow at
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the time of presentation, only 50% of these patients develop overt bone metastatic
disease after 5 years. Furthermore, many patients with breast and prostate cancer
do not develop bone metastases until many years after the surgical removal of the
primary cancer. The Paget’s ‘‘seed and soil theory’’ hypothesizes that metastatic
cells can enter into the bone marrow and remain in a quiescent status for many
years. However, molecular mechanisms and signaling pathways that promote the
switch to a premetastatic bone microenvironment are not well understood. We can
postulate that cancer stem cells, like physiologic haematopoietic stem cells, can
establish a relationship with bone marrow stroma in order to mantain their sur-
vival. Physiologically, two fundamental niches exist in the bone marrow:
1. Endosteal Niche. Stem cells are closely associated with spindle-shaped

N-cadherin positive osteoblasts (SNO). Moreover, these osteoblasts are
involved in the maintenance of stem cell quiescence. The same osteoblasts
might also bind cancer stem cells, thereby maintaining their dormancy (Yin
et al. 2006).

2. Vascular Niche. More differentiated cells are generally located in central parts
of the bone marrow.
It is well understood that circulating cancer cells arrive in the endosteal niche

and are kept in a dormancy status via the link with SNO and the release of
inhibitory molecules by stromal cells (such as fibronectin). RANK\RANK-L is
also involved in cancer cell reactivation via osteoclast activation and the conse-
quent release of growth factors such as TGF-b, BMPs, PTH-related protein (Oh
et al. 2004). These factors are typically involved in the process of epithelial–
mesenchymal transition, and likely activate dormant metastatic cancer cells.
Activated osteoclasts may directly induce hematopoietic stem cells, and probably
metastatic cancer cells, to separate from the endosteal niche through increasing
proteolytic activity of MMP-9 and cathepsin K, which clive and inactivate SDF-1,
osteopontin and other niche factors (Kollett et al. 2006). Moreover, stromal cells
secrete inactive metalloprotease-2, which is activated by cancer cells increasing
their migratory capacity (Harada and Rodan 2003). At the time of bone marrow
colonization, when pathologic bone lesions are still not evident, cancer cells
acquire a bone-like phenotype, and this process is known as osteomimicry (Knerr
et al. 2004).

1.4 Osteomimicry

We still do not know whether cancer cells already possess the osteomimetic
phenotype when they detach from their primary tumor, or whether these charac-
teristics are acquired when they colonize the bone niche. There is some evidence
though that at least some cancer cells do need a biological signature to invade
osseous structures (Ramaswamy et al. 2003).

As shown in Table 3, many molecules are produced from cancer cells invading
bone marrow.
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1.4.1 PTHRP
The parathyroid hormone-related protein is a homolog of PTH and has a direct
action on PTH receptors, stimulating bone resorption and renal tubular calcium
resorption (Yates et al. 1988). PTHRP is released by cancer cells of many solid
tumors (Moseley et al. 1987; Burtis et al. 1987; Strewler et al. 1987), and
contributes to metastatic spreading. It has been demonstrated that PTHRP is
abundant in tumors with osteoclastic and osteoblastic bone metastases. In fact,
breast carcinomas metastatic to the bones express PTHRP in [90% of the cases,

Table 3 Molecules produced from cancer cells invading the bone marrow (osteomimicry)

Molecules Function when expressed by
normal cells

Function when expressed by
cancer cells

PTHrP Homolog of PTH that has a direct
action on the PTH receptor,
stimulating bone resorption and
renal tubular calcium resorption

It causes bone microenvironment
modification that facilitates the
establishment of circulating cancer
cells, the release of bone-derived
growth factors and the formation
of the premetastatic bone niche

RANKL/OPG/TRAIL RANKL induces osteoclast
activation, OPG binds RANKL
thys inhibiting osteoclast
development, TRAIL is an
anticancer cytokine which binds
OPG

The RANK expression status
determines the predominant
migration into bone, where
RANKL is abundantly expressed

VEGF Induces angiogenesis It drives bone marrow-derived
cells to neoangiogenetic sites in
the tumor

C-KIT/SCF Both ligand (SCF) and receptor
(C-KIT) are expressed by cancer
cells for intraosseous development,
indicating the existence of an
autocrine loop

IGF system Stimulates osteoblast
differentiation, increases bone
matrix apposition and decreases
collagen degradation

It increases prostate cancer cell
proliferation and chemotaxis

RUNX Essential for osteoblastic
differentiation and skeletal
morphogenesis

It promotes transcription of genes
involved in the acquisition of
migration and invasiveness

Calcium sensing
receptor

Implicated in the regulation of ion
and water transport, proliferation,
differentiation and apoptosis

Its activation leads to increased
PTHrP secretion which drives
osteolysis by osteoclasts leading to
release of growth factors and
calcium from the bone matrix and
further stimulation of tumoral cell
proliferation
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compared with only 17% of metastases to extraosseous sites (Southby et al. 1990;
Grill et al. 1991; Powell et al. 1991; Vargas et al. 1992). Furthermore, growth
factors such as TGF-b or IGF, which are abundant in mineralized bone matrix
(Hauschka et al. 1986), are released and activated by osteoclastic bone resorption
(Pfeilschifter and Mundy 1987) and may enhance PTHRP secretion from cancer
cells (Zakalik et al. 1992; Merryman et al. 1994). Finally, other studies have shown
that PTHRP, secreted by prostate cancer cells, stimulates ostoblastogenesis and
osteoblast differentiation (Liao et al. 2008). Accordingly, it was postulated that
PTHRP causes bone microenvironment modification in order to facilitate the
establishment of circulating cancer cells, the release of bone-derived growth
factors and the formation of the premetastatic bone niche.

1.4.2 RANKL\OPG\TRAIL
RANKL is produced by osteoblasts and stromal cells for inducing osteoclast
activation and bone resorption. It was demonstrated that many types of solid
tumors produce RANKL, both at the primary site and in metastatic bone lesions
(Brown et al. 2001a, b; Chen et al. 2006; Sasaki et al. 2007). OPG is a soluble
decoy-receptor of RANKL, which is expressed by various cell types, including
osteoblasts and tumor-associated stromal cells. OPG binds RANKL and prevents
RANK–RANKL association, inhibiting osteoclast development (Cross et al.
2006). It was observed that many tumor cell lines produce OPG (Holen et al. 2005;
Holen et al. 2002). High serum levels of OPG were found in patients with
advanced-stage prostate cancer (Brown et al. 2001a, b). Furthermore, inhibition of
RANKL results in inhibition of malignant bone lesions and tumor growth in bone
(Canon et al. 2008; Kostenuik et al. 2009), while OPG inhibits cancer-induced
osteoclastogenesis (Zhang et al. 2001) and increases bone density. Moreover, OPG
shares some sequence homology with Endothelin-1 (ET-1), and was shown to
stimulate bone formation through ET-A receptor activation (Nelson et al. 1999).
OPG also binds tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) (Emery et al. 1998), the latter being an anticancer cytokine. Finally,
based on high constitutive RANK expression in breast cancer cell lines, recent data
actually indicate that RANK expression by cancer cells determines whether tumors
predominantly migrate into bone, where the corresponding ligand RANKL is
abundantly expressed (Jones et al. 2006). In murine animal models, the correlation
between high expression of RANK and osteotropism has been demonstrated across
different tumor types, including breast cancer and melanoma.

1.4.3 VEGF
Tumor induces angiogenesis through VEGF signaling (Ferrara 2009). Moreover,
VEGF secretion attracts bone marrow-derived cells such as VEGFR1-positive
HPC and VEGFR2-positive EPC to neoangiogenic sites in the tumor (Lyden et al.
1999). VEGF is closely associated with the early phases of bone remodeling and
induces osteoblast chemotaxis and differentiation (Tombran-Tink and Barnstable
2004; Li et al. 2005). VEGF also upregulates RANK on endothelial cells, resulting

48 D. Santini et al.



in the amplification of the angiogenic response in the presence of RANKL (Min
et al. 2003). In effect, VEGF mediates both a direct and an indirect effect on bone
growth by activating osteoblasts and promoting angiogenesis in metastatic sites
with high concentrations of RANKL (Street et al. 2002). For these reasons, the
localized production of VEGF, such as that observed in metastatic tissue, is likely
to contribute to osteolysis and local tumor progression (Aldridge et al. 2005).

1.4.4 C-KIT\SCF
C-kit (or CD 117) is a tyrosine kinase receptor of the Stem Cell Factor (SCF).
In vitro models demonstrated that prostate cancer cells in bone express high levels
of c-kit, while prostate cancer cells from extraosseous sites are c-kit negative.
Additionally, SCF was found to be overexpressed in bone metastases from prostate
cancer (Wiesner et al. 2008). In vivo models showed that prostate cancer cells
preferentially metastasize to regions of the bone marrow where SCF was expressed
by stromal cells (BMS) interacting with c-kit expressed on the surface of bone
marrow progenitor cells (Heissig et al. 2002). There is an association between
coexpression of SCF and c-kit in prostate cancer cells and bone metastases, sug-
gesting that both ligand and receptor should be expressed by prostate cancer cells
for intraosseous development, also suggesting some autocrine loops. The increased
expression of c-kit in bone metastases from prostate cancer might be the result of a
selective dissemination and/or growth into the bone of c-kit-positive cells already
present in primary tumors of the prostate, which are known to be heterogeneous
(Patrawala et al. 2006). These c-kit-positive cancer cells could also represent
cancer stem cells which were reported to be present in some metastatic lesions
from human carcinomas (Kleeberger et al. 2007; Wiesner et al. 2008).

1.4.5 IGF
The Insulin-Like Growth Factors (IGF) comprise 3 receptors, 3 ligands and
6 binding proteins (IGFBP). IGF-I and IGF-II are known to induce osteoblast
differentiation, increase bone matrix apposition and decrease collagen degradation
(Koch et al. 2005). IGF are abundant in the bone microenvironment, and in vitro
studies showed that they increase prostate cells proliferation and chemotaxis.
Moreover, the IGF-I pathway is upregulated in prostate cancer cells localized in
the bones (Ritchie et al. 1997a, b; Rubin et al. 2004). However, IGF-I is neither
necessary nor sufficient for an adequate osteoblast response to prostate cancer
metastases (Rubin et al. 2004).

In addition, tumor cells invading the bone express several transcription factors
that are involved in the acquisition of the osteomimetic phenotype, among other
RUNX.

1.4.6 RUNX
RUNX is a family of transcription factors (RUNX2 and RUNX1 and RUNX3).
It was demonstrated that RUNX2 is essential for the differentiation of osteoblasts
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and skeletal morphogenesis (Li et al. 2008). RUNX2 is overexpressed in meta-
static breast cancers cells, promotes transcription of genes involved in the
acquisition of migration and invasiveness, including MMP and VEGF among
others. Importantly, inhibition of Runx2 function in metastatic breast cancer cells
transplanted to bone results in prevention of tumorigenesis and osteolysis (Javed
et al. 2005).

These data indicate that a multigenic program facilitates the acquisition of oste-
omimetic properties by certain cancer cells, improving their chance for survival,
adaptation to the bone environment and the development of bone metastases.

1.4.7 The Role of the Calcium Sensing Receptor in Bone
Marrow Homing

The calcium sensor (CaSR) is also expressed in several cell types in the kidney,
osteoblasts, a variety of hematopoietic cells in the bone marrow, the gastrointestinal
mucosa and squamous epithelial cells of the esophagus. At these sites, the CaSR has
been implicated in the regulation of a number of cellular processes, such as ion and
water transport, proliferation, differentiation and apoptosis. Moreover, human breast
cancer cell lines express CaSR and its activation leads to increased PTHrP secretion
from these cells. The secretion of PTHrP by tumoral cells drives osteoclast-mediated
osteolysis, leading to the release of growth factors and calcium from the bone matrix,
and further stimulation of cell proliferation (Coyle et al. 2006). Additionally, the loss
of CaSR expression in the transition from normal colonic epithelial cells to malignant
adenocarcinoma cells is associated with a low potential of colonic carcinomas to
generate bone metastases (Rodland 2004).

1.5 Role of Calcium, Vitamin D and PTH
in the Premetastatic Niche

1.5.1 Vitamin D
Serum concentrations of calcium are closely regulated by a close interplay
between 25(OH)D levels and PTH levels. The precision of this integrated control
is such that in normal individuals, serum ionized calcium fluctuates by no more
than 0.1 mg/dl in either direction from its physiological set-point throughout the
day. Interestingly, PTH gene expression is not only regulated through serum
calcium concentrations by the CaSR but also independently through vitamin D
metabolites, principally 25(OH)D, regardless of both 1,25(OH)D and calcium.
(Pepe et al. 2006). 25(OH)D and 1,25 (OH)D control PTH gene expression, CaSR
and VDR gene expression, and the proliferation of parathyroid cells. Therefore,
low serum calcium concentrations and/or low vitamin D levels increase PTH
secretion, in turn increasing distal tubular calcium reabsorption, intestinal
1,25(OH)D-mediated calcium absorption and osteoclast-medicated bone resorp-
tion to normalize serum calcium concentrations.

50 D. Santini et al.



1.5.2 Antineoplastic Effect of Vitamin D
Vitamin D depletion (and secondary hyperparathyroidism) has been reported as a
very common condition worldwide both in men and women, with many impli-
cations for general health conditions (Holick and Chen 2008). Very recently, it has
been documented that low serum vitamin D levels are similarly prevalent in young
individuals (Adami et al. 2009; Crew et al. 2009). Biological and epidemiological
data suggest vitamin D levels to influence cancer development (IARC Working
Group Reports 2008), but data are not consistent. For breast and prostate cancer,
case-control studies suggest an inverse association between serum 25(OH)D
concentration and the prevalence of these diseases, but this finding was not con-
firmed by prospective studies that analyzed 25(OH)D years before the diagnosis of
cancer (Yin and Grandi 2010; Trump et al. 2009; Tretli et al. 2009; Yin et al. 2009;
Chlebowski et al. 2008; Lappe et al. 2007). This might indicate that low 25(OH)D
concentrations in serum are rather a consequence of the malignant disease than
causing cancer. Also, studies on intake/supplementation of vitamin D in breast or
prostate cancer patients showed conflicting results (Trump et al. 2006; Flaig and
Barqawi 2006; Chan and Beer 2008; Attia et al. 2008). Many molecular pathways
mediate the anticancer effects of calcitriol. The active form of vitamin
D,1,25(OH)D has been established as an antiproliferative and pro-differentiation
agent. More recent work showed calcitriol to be a proapoptotic agent and an
inhibitor of cell migration and angiogenesis, supporting its potential in cancer
prevention and cure (Peterlik and Grant 2009; Matthews et al. 2010). Among the
breast cancer cell lines that do respond to 1,25(OH)D, a range of phenotype
alterations have been reported, emphasizing that the mechanistic basis for the
differentiating effects of 1,25(OH)D in cellular systems of breast cancer is very
complex. (Gocek and Studzinski 2009). An interesting link to differentiation in
1,25(OH)D-treated breast cancer cells is the fact that vitamin D receptor (VDR)
and Estrogen Receptor (ER) pathways converge to regulate BRCA-1, thus con-
trolling the balance between cellular differentiation and proliferation (Campbell
et al. 2000). In the prostate cancer cell line LNCaP, 1,25(OH)D up-regulates the
expression of the insuline-like factor binding protein 3 (IGFBP-3) that functions to
inhibit cell proliferation and up-regulates the expression and activity of the
androgen receptor (AR) and the AR-mediated androgenic differentiation (Gocek
and Studzinski 2009). The receptor of vitamin D (VDR) has been described in
many types of cancer cells, including tumors of the breast, prostate, colon, bladder,
skin, pancreas, leukaemia and lymphoma cells (Bouilon et al. 2006). In Cauca-
sians, polymorphisms of VDR (VDR FokI and BsmI) migh modulate the risk of
malignant tumors of the breast, skin and prostate, and possibly affect cancer risk
also at other sites (Raimondi et al. 2009).

1.5.3 Inhibition of NFkB Activation, Angiogenesis, Invasion
and Metastasis

Angiogenic factors such as IL8 and VEGF are crucial for the promotion of the
premetastatic niche, and are similarly important for continued tumor growth and
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disease progression. NFkB plays a major role in the control of immune responses
and inflammation, and promotes malignant behaviour by increasing the tran-
scription of the antiapoptotic gene BCL-2, proteolytic enzymes such as matrix
metalloproteinase 9 (MMP-9), urokinase-type plasminogen activator and angio-
genic factors such as IL-8 and VEGF (Catz and Johnoston 2001). Calcitriol is
known to directly modulate basal and cytokine-induced NFkB activity in many
cells, including lymphocytes, monocytes, fibroblasts, osteoblasts and in cancer
cells. In addition to the direct inhibition of NFkB, 1,25(OH)D indirectly inhibits
NFkB-signaling by up-regulating the expression of other proteins that interfere
with NFkB activation such as IGFBP-3 and Clusterin (CLU) (Folkman 1995).
Early studies indicate that calcitriol is a potent inhibitor of tumor cell-induced
angiogenesis by inhibiting VEGF-induced endothelial cell tube formation in vitro,
decreasing tumor vascularization in mice and inhibiting angiogenesis through IL-8
in a NFkB-dependent manner (Bao et al. 2006). Furthermore, calcitriol directly
inhibits the proliferation of endothelial cells (Chung et al. 2009). MMP in turn
promote angiogenesis by mediating the degradation of the basement membrane of
the vascular epithelium and the extracellular matrix. In human prostate cancer
cells, calcitriol decreases the expression of MMP-9 by increasing the activity of
TIMP-1 (tissue inhibitor of MMP-1) (Bao et al. 2006). Finally, it has been dem-
onstrated that calcitriol reduces the invasive and metastatic potential of many
malignant cells. In prostate cancer, calcitriol increase E-cadherin, a tumor sup-
pressor gene, whose expression is inversely correlated with metastatic potential
(Campbell et al. 1997).

1.5.4 Calcium
Inadequate calcium intake, low serum calcium (through CaSR) together with low
vitamin D levels may directly or indirectly (through PTH) impact cell prolifera-
tion, differentiation and function. The CaSR, VDR and PTH-1R are expressed both
in normal and malignant breast cells, and their expression is correlated with the
occurrence of skeletal metastases. Interestingly, signaling pathways that are ini-
tiated via VDR and CaSR converge on the same downstream elements, e.g. the
canonical Wnt pathway. Increasing extracellular calcium levels increases cellular
differentiation in experimental models, decreases proliferation, induces apoptosis
and down-modulates invasion, all of which seem to have tumor-protective effects
(McGrath et al. 1984). Several studies have suggested an inverse association
between dietary calcium intake and serum calcium levels with breast cancer risk in
pre- and post-menopausal women (Almquist et al. 2007; Cui and Rohan 2006).
However, the relationship between serum calcium concentrations and cancer risk
is not consistent and complex, also because of the reciprocal effects of PTH and
vitamin D levels. High serum calcium concentrations could indicate high bone
turnover, which in turn suggests a bone microenvironment rich in chemotactic,
adhesive and neoangiogenic factors that might promote the homing of cancer cells
and the development of metastases (Schnieder et al. 2005). On the other hand, low
serum calcium concentrations are generally associated with low 25(OH)D levels
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and high PTH levels that both promote cancer progression and bone metastases.
Very likely, calcium concentrations play a crucial role in cellular signaling in
bones in general and in the premetastatic niche in particular. The bone microen-
vironment is enriched in calcium during osteoclast-mediated bone resorption,
reaching high local concentrations up to 40 mmol/L. Serum calcium homeostasis
is closely regulated by the calcium sensing receptor (CaSR) expressed on para-
thyroid cells, modulating PTH secretion. However, CaSR is also expressed at high
levels in breast cancer cells from patients with bone metastases and in prostate
cancer cells (Mihai 2008). Activation of the CaSR by high calcium concentrations
induces PTHrP expression, but may also attract breast and prostate cancer cells in
areas of increased bone remodeling, thereby facilitating migration of cancer cells
into the bones. Furthermore, high concentrations of calcium enhanced proliferation
of prostate cancer cell lines and the proliferative response is associated with CaSR
overexpression (Casimiro et al. 2009). Notably, CaSR is essential for stem cell
migration and the settlement of HSC in the endosteal niche, suggesting preferential
localization of these cells expressing CaSR in close proximity to calcium-releasing
osteoclasts (Adams 2005).

1.5.5 PTH

PTH and Factors Involved in the Premetastatic Niche
Primary and secondary hyperparathyroidism is associated with a poor prognosis in
patients with cancer (Schwartz 2008). PTH and PTHrP are immunologically dis-
tinct proteins that bind to the PTH-1R with equal affinity (Bryden et al. 2002).
Many cancer cell types express PTHrP and its receptor PTH-1R, and PTHrP acts
as an autocrine growth factor promoting proliferation, migration and disease
progression (Deftos et al. 2005; Henderson et al. 2006). PTH could play a crucial
role in promoting the homing of cancer cells in the bone environment, the per-
sistence of the cancer stem cell niche, and the development of cancer metastases
(Ritchie et al. 1997a, b). PTH and PTHrP both induce the activation of chemokines
through PTH-1R, further inducing SDF-1 expression in the bone marrow. Major
sources of SDF-1 in the marrow are cells of the osteoblastic lineage, mainly
osteoblasts lining the bone endosteum (Ponomariov et al. 2000). The SDF-1/
CXCR4 axis is known for regulating many aspects of stem cell functioning,
including stem cell trafficking and development. It has been demonstrated that
transgenic animals expressing constitutively active PTH/PTHrP receptors have
increased numbers of hematopoietic stem cells recovered from the animals’ bone
marrow (Calvi et al. 2003). Interstingly, PTH increased the expression of SDF-1 in
the local marrow environment in animal models, along with decreased SDF-1 in
serum, creating a homing gradient for hematopoietic stem cells towards the bone
marrow (Jung et al. 2006). There are many parallels between the metastasis of
circulating carcinoma cells and the homing behavior of hematopoietic cells (Sun
et al. 2003). Therefore, high circulating PTH levels in cancer patients could prime
the marrow for metastatic spread by altering the SDF-1 axis. Physiologic bone
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remodeling takes place in specialized vascular structures called bone remodeling
compartments (BRC), and PTH induces high bone turnover with subsequent
expansion of the BRC space (Eriksen et al. 2007) Angiogenesis is closely asso-
ciated with bone turnover, and angiogenic factors such as VEGF and endothelin
are important regulators of both osteoclast and osteoblast activity. In addition, it
has recently been demonstrated that PTH induces osteoclast formation in coop-
eration with RANKL, osteoclast activity through KDR/Flk-1 and/or Flt-1 receptors
expressed in mature osteoclast, and survival involving beta-3-integrin-mediated
attachment of osteoclasts to the extracellular matrix (Nakagawa et al. 2000). PTH/
PTHrp induces PKC, ERK, MAPK and p38, with the MAPK pathway ultimately
resulting in VEGF gene expression in osteoblasts and in epithelial cells of normal
rat renal tubules (Esbrit et al. 2000; Alonso et al. 2008). VEGF expression was
specifically observed in PTH1R-positive cancer cells after invasion of the bone
marrow, using in vivo and in vitro models (Isowa et al. 2010). Finally, VEGF has
been reported to increase SDF-1 expression in endothelial cells and in several
prostate cancer cell lines (Dai et al. 2004).

PTH and the Hematopoietic Stem Cell Niche
The endosteal surface is rich in vasculature with close approximation of osteo-
blasts and vessel walls. Within the bone marrow, cells of the osteoblast lineage
have unequivocally been shown to constitute a niche for Hematopoietic Stem Cells
(HSC) (Xie et al. 2009). Cells derived from osteoprogenitors provide distinct
niches for hematopoietic cells. Terminally differentiated osteoblasts along the
endosteal surface could serve as a niche for HSC in their most quiescent stage,
whereas the stromal reticular cell fraction including osteoprogenitors located in the
bone marrow induce proliferation and differentiation of hematopoietic cells
(Wu et al. 2009). It is widely known that stem cells are usually in the quiescent
state or G0 phase, and this prevents stem cells from entering into the cell cycle and
undergoing differentiation. CXCL12/CXCR4-mediated chemokine signaling plays
an essential role in maintaining the quiescent pool of HSC (Sugiyama et al. 2006).
Osteopontin (OP) and Angiopoietin-1 expressed by osteoblasts interact with Tie-2
expressed in HSC, activating N-cadherin and integrin (Arai et al. 2004). These
interactions enhance the adhesion between the hematopoietic stem-cell niche and
the stem cell, contributing to the maintenance of HCS quiescence. The bone
morphogenetic protein (BMP) signaling pathway, which acts through BMP
receptor type IA expressed in osteoblast, controls the number of HSC by regulating
the size of the niche and is involved in maintaining quiescence and supressing
proliferation. Different signaling pathways such as Wnt/cathenin and Notch/
Jagged 1 promote self-renewal, proliferation and differentiation of HSC (Iwasaki
and Suda 2009). Therefore, osteoblasts clearly have a role in the establishment and
mainteinance of the HSC niche that could be modulated through PTH and other
molecular mechanisms that are incompletely defined so far. Osteoblasts are the
main targets of PTH/PTHrP, and PTH/PTHrp also has some modulating potential
on HSC via osteoblasts. PTH may increase the proportion of bone marrow-derived
stromal cells (BMC) that commit to the osteoblastic lineage both in vitro and
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in vivo, thus expanding the osteoblast pool. Furthermore, PTH induces osteoblasts
to express BMP, SDF-1, VEGF, osteopontin and activate signaling pathways
involved in the HSC niche. It has been demonstrated that PTH expands the HSC
pool through activation of the PTH-1R on osteoblasts. The Jagged1/Notch sig-
naling pathway is implicated in the control of stem cell self-renewal in several
organs, and is necessary for PTH-dependent HCS expansion (Calvi 2006). PPR
activation by the Notch ligand Jagged-1 in osteoblasts is associated with an
increase in the number of HSC, and this increase can be stopped by administration
of a secretase inhibitor. The same effects can be achieved by using exogenous PTH
(Calvi 2006). Furthermore, PTH (as well as other stress conditions including
inflammation, injury or chemotherapy) could result in a destabilization of HSC
with induction of massive stem mobilization. Accordingly, osteoclast activity has
been demonstrated to promote the proliferation and mobilization of hematopoietic
progenitors from HCS. Bone resorbing osteoclasts secrete enzymes, including
MMP-9 and cathepsin K that give them SDF-1 and osteopontin degradation
capacity (Kollt et al. 2006). Therefore, PTH could impact both bone turnover and
the bone marrow niche through modulation of osteoblast and osteoclast activity,
resulting in improved engraftment both of HSC and cancer stem cells. It is notable
that the majority of the signaling pathways involved in the interaction between
normal stem cells and their niche are also involved in the interaction between
cancer stem cells and their niche.
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Bisphosphonates: Prevention of Bone
Metastases in Breast Cancer

Michael Gnant, Peter Dubsky and Peyman Hadji

Abstract

Disease recurrence and distant metastases remain challenging for patients with
breast cancer despite advances in early diagnosis, surgical expertise, and
adjuvant therapy. Bone is the most common site for breast cancer metastasis,
and the bone microenvironment plays a crucial role in harboring disseminated
tumor cells (DTCs), a putative source of late relapse in and outside bone.
Therefore, agents that affect bone metabolism might not only prevent the
development of bone lesions but also provide meaningful reductions in the risk
of relapse both in bone and beyond. Bisphosphonates bind to mineralized bone
surfaces and are ingested by osteoclasts, wherein they inhibit osteolysis, thereby
preventing the release of growth factors from the bone matrix. Therefore, the
bone microenvironment becomes less conducive to survival and growth of
DTCs and bone lesion formation. Recent trials of zoledronic acid in the
adjuvant setting in breast cancer have demonstrated reduced disease recurrence
in bone and other sites in premenopausal and postmenopausal women with
early breast cancer. Based on the proven effect of bone protection during
adjuvant endocrine therapy, new treatment guidelines recommend the routine
use of bisphosphonates to prevent bone loss during adjuvant therapy, which
may likely become the standard practice.
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1 Introduction

Despite progress in locoregional treatments resulting in a high rate of amelioration
of all detectable traces of early breast cancer in patients, as well as progress in
potent adjuvant therapy regimens, disease recurrence remains a challenge (Gerber
et al. 2010). For example, early relapse has been reported in approximately 4.3%
of women with successfully resected breast cancer during adjuvant tamoxifen
therapy (rate peaks at 2 years postoperatively), and distant metastases (stage IV
disease) account for approximately 75% of these early relapses (Baum et al. 2002;
Mansell et al. 2009; Thurlimann et al. 2005). Distant recurrence is especially
concerning given that, despite improvements in palliative treatment, cure is not
possible after distant metastasis occurs (Lin et al. 2008; Rugo 2008). In general,
survival rates for patients with breast cancer are directly correlated with disease
stage, with 5-year survival rates decreasing from 98% for patients with localized
disease (stage I and II) to 84% for stage III and to only 28% for patients with
distant metastases from breast cancer (Garcia et al. 2007; Jemal et al. 2006).
Therefore, identifying the source of the residual breast cancer and developing
therapeutic strategies to target it and prevent its seeding of recurrent disease would
provide important survival benefits. Bisphosphonates (BPs) are a class of bone-
targeted agents that reduce rates of bone resorption (osteolysis) and have dem-
onstrated promising anticancer potential. There is a growing body of clinical
evidence supporting an expanded role for BPs not only as adjuvant therapy
(Coleman 2011; Costa et al. 2011), but also—potentially—for preventing
breast cancer. However, the relative contribution of the anticancer activities
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demonstrated by BPs in preclinical models (as described in Chaps. 1 and 7) in each
of the cancer settings is unknown.

Even if the effects of BP therapy on the bone microenvironment were limited to
effects on bone metastases (as described by Mundy et al. (2002) and discussed in
Chap. 2), these effects could potentially lead to meaningful decreases in tumor
burden and increases in survival (Diel et al. 2008). Bone is the most common site
of distant metastasis in patients with breast cancer (Coleman 2001), and bone has
many features that make it a fertile ‘‘soil’’ for the cancer ‘‘seed’’ (Paget 1889).
Rates of osteoclast-mediated bone resorption can be substantially increased in
patients with bone lesions from solid tumors (Clezardin 2005; Winter et al. 2008),
and osteoclast-mediated osteolysis releases growth factors from within the bone
matrix, thereby making the microenvironment more conducive to cancer cell
proliferation (Guise and Mundy 1998).

Bisphosphonates, through blocking malignant osteolysis, prevent bone
destruction and would be expected to render the ‘‘soil’’ less hospitable for growth
of the cancer ‘‘seed’’ within bone. However, there is now a large body of clinical
evidence demonstrating that the adjuvant therapy benefits of BPs extend beyond
bone (Coleman et al. 2010a). There are multiple possible mechanisms that could
contribute to these effects. In some patients with early breast cancer,[5 circulating
tumor cells (CTCs) can be detected in samples (7.5 mL) of peripheral blood, and
bone marrow biopsy reveals the presence of disseminated tumor cells (DTCs)
within the bone marrow (Naume et al. 2007). In these patients, there are increased
risks of distant disease recurrence and poorer outcomes compared with patients
who are DTC-negative or who have CTC counts B5/7.5 mL (Bidard et al. 2009;
Bidard et al. 2008; Janni et al. 2011; Schindlbeck et al. 2005; Schindlbeck et al.
2009), suggesting that these cells might be the source of breast cancer recurrence
(Ross and Slodkowska 2009). Interestingly, there is also an increased risk of local
recurrence in these patients (Bidard et al. 2009). Preclinical studies suggest that
DTCs and CTCs can colonize their tissue of origin in a self-seeding process (Kim
et al. 2009; Norton 2008). The self-seeding of breast cancer tumors is preferen-
tially mediated by ‘‘aggressive’’ CTCs, including those with bone-, lung-, or brain-
metastatic tropism, suggesting that DTCs in bone marrow and CTCs in blood may
seed not only bone metastases but also local recurrence and visceral metastases
(Kim et al. 2009). Clinical studies have shown that the potent nitrogen-containing
BP zoledronic acid (ZOL) can reduce DTC levels in breast cancer adjuvant
therapy settings (Aft et al. 2010; Greenberg et al. 2010; Solomayer et al. 2009),
although further studies are needed to determine effects on disease outcomes.
Additionally, bone-derived cells have been shown to migrate to tumor sites to
generate tumor-supportive tissues in a ‘‘premetastatic niche’’, which fosters early
transitions in the multistep process of tumor metastasis (Gnant 2009). By inhib-
iting growth-factor release from the bone matrix, BPs could also potentially block
the mobilization of the cellular components of this premetastatic niche. Therefore,
bone-targeted agents have the potential to affect the metastatic process throughout
the body.
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This chapter discusses the clinical evidence for anticancer benefits from BPs
and provides insight into the possible underlying mechanisms. The potential
benefits are also placed in the context of the safety profile of antiresorptive therapy
in patients with early breast cancer.

2 Bone-Targeted Therapies for Breast Cancer

Breast cancer cells have an innate predilection for bone, with bone metastases
developing in approximately 70% of patients with stage IV disease (Coleman 2004).
Indeed, advanced breast cancer is associated with a heavy burden of skeletal disease,
with annual rates of 1–4 potentially debilitating or life-limiting skeletal-related
events (SREs) (Kohno et al. 2005; Theriault et al. 1999) such as spinal cord com-
pression, pathologic fracture, hypercalcemia of malignancy, or the need for palliative
radiotherapy or surgery to bone (Coleman 2001; Saad et al. 2007).

The bone microenvironment is a rich source of growth factors and matrix-
derived growth factors that are released during osteolysis and can further support
cancer cell growth in the bone (as described further in Chap. 1). Increased bone
turnover has been associated with a higher risk of metastatic bone lesion formation
in preclinical (Padalecki and Guise 2002) and clinical (Lipton et al. 2009) studies.
Indeed, studies monitoring biochemical markers of bone resorption have shown
significant correlations between elevated rates of osteolysis and risk of bone
metastases in patients with early breast cancer. For example, in a substudy of the
National Cancer Institute of Canada Clinical Trials Group (NCIC CTG) MA.14
trial comparing tamoxifen with octreotide to tamoxifen alone for adjuvant treat-
ment of stage I or II breast cancer in postmenopausal patients, increased levels of
the osteolysis marker beta C-terminal telopeptide of type I collagen (b-CTX)
correlated with reduced bone metastasis-free survival (Lipton et al. 2009). Oste-
olysis rates have been shown to be elevated during adjuvant endocrine therapy for
breast cancer (Santen 2011). In addition to directly supporting cancer cell growth
and bone lesion formation, growth factors and other molecules released during
osteolysis may also activate DTCs from a dormant to a proliferative state, seeding
posttreatment relapses.

Bone marrow is a sanctuary for normal hematopoietic stem cells (Ehninger and
Trumpp 2011), and this supportive niche can be usurped by DTCs. Although the
underlying mechanisms are poorly understood, these cancer seeds, which lodge in
the fertile soil of the bone marrow, can survive in a dormant state for extended
periods of time before reactivating and metastasizing to other sites (Meads et al.
2008). Additionally, the hematopoietic niche within the bone marrow may provide
a safe haven for tumor cells from immunosurveillance and cytotoxicity from
chemotherapeutic agents (Meads et al. 2008) because of cell–cell interactions and
signaling pathways that may contribute to reduced drug activity and the emergence
of drug resistance (Meads et al. 2008).
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Modification of the microenvironment surrounding cancer cells is emerging as an
important anticancer strategy (Gnant 2009). Because DTCs can reside in the bone
marrow, agents that modify the bone microenvironment (such as BPs) may poten-
tially alter the ability of DTCs to survive and/or reactivate. Bisphosphonate-
mediated inhibition of osteoclast-mediated bone resorption also blocks the release of
cancer-supporting bone matrix-associated growth factors (Mundy 2002). In addi-
tion, BPs may directly inhibit cancer cell proliferation and induce apoptosis, as well
as synergize with anticancer therapies (as described further in Chaps. 1 and 7)
(Almubarak et al. 2011; Winter and Coleman 2009; Winter et al. 2008). Finally, BPs
may also activate immune surveillance against cancer cells (Abe et al. 2009;
Benzaid and Clezardin 2010). Therefore, there is a wealth of theoretical data sup-
porting the potential of BPs to exert anticancer effects.

3 Anticancer Effects of Oral Bisphosphonates in Early
Breast Cancer

Knowledge of the underlying pathophysiology of malignant bone lesions and the
‘‘seed and soil’’ hypothesis of tumor metastasis (as described in Chaps. 1 and 2)
led pioneering oncologists to question whether, by reducing the release of growth
factors from bone, antiresorptive agents could impede the formation of bone
metastases. The earliest clinical studies of the bone-metastasis-preventing poten-
tial of BPs in early breast cancer used oral clodronate, which has received regu-
latory approval outside the United States for preventing SREs in patients with
advanced breast cancer metastatic to bone (Bayer Plc 2010). Although clodronate
is relatively weak compared with the intravenous BPs that were developed after
these initial trials were initiated (Green 2004), its effects were sufficient to suggest
that not only was there potential to prevent bone metastases, but that other effects
on the disease course might be possible (Powles et al. 2002), thereby laying the
groundwork for further clinical investigations.

3.1 Oral Clodronate

In the first large trial for the prevention of bone metastases, Powles et al. (2006,
2002) randomized 1,069 patients with stages I–III breast cancer to oral clodronate
(1,600 mg/day) for 2 years in addition to standard therapy or to standard therapy
alone (Table 1) (Diel et al. 2008; Powles et al. 2002, 2006; Saarto et al. 2004).
Clodronate significantly reduced the risk of bone metastases both during the 2-year
treatment period and at the 5-year time point, 3 years after clodronate had been
discontinued (Powles et al. 2002, 2006). Moreover, at both time points, survival
was significantly longer with clodronate versus standard therapy alone. A similar
but smaller study that enrolled breast cancer patients with bone marrow
micrometastases (e.g, positive histology results from bone marrow biopsies)
reported similar results, although the decreased risk of metastases was not durable
after the clodronate treatment period had concluded (Diel et al. 2008). The overall
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survival (OS) benefit was maintained in long-term (20.4% mortality with clodr-
onate vs. 40.7% mortality in the control group after 8.5 years; P = 0.04) follow-
up in this smaller study (Diel et al. 2008). In contrast, a third trial produced results
that were inconsistent with the other studies, with no difference in the rates of bone
metastases (P = 0.35), but increased rates of visceral metastases in clodronate-
treated patients (50% vs. 36% in the control group; P = 0.005) (Saarto et al.
2004). However, subsequent analyses of this trial population revealed baseline
imbalances in poor-prognosis disease characteristics (e.g, hormone-receptor—
negative tumors) between treatment groups, favoring the control arm of the study
(Saarto et al. 2004). The effects of this imbalance could have been amplified by the
trial-mandated endocrine therapy regimen, which would have been expected to
have lower potential benefit in patients with hormone-receptor—negative tumors
(Saarto et al. 2004). Therefore, the role of clodronate in adjuvant therapy for breast
cancer will likely remain controversial until the maturation of ongoing clinical
trials (Table 2).

3.2 Oral Pamidronate

The introduction of nitrogen-containing BPs, with antiresorptive activity orders of
magnitude higher than the earlier-generation agents (Green 2004), provided
additional tools to the therapeutic repertoire for testing in early breast cancer. Oral
formulations of nitrogen-containing BPs were developed, such as oral ibandronate,
which is now approved alongside its intravenous formulation for preventing SREs
in patients with breast cancer in Europe (Roche 2006), and oral pamidronate,

Table 1 Summary of adjuvant clodronate trials in patients with breast cancer

(Powles et al. 2002, 2006) (Saarto et al. 2004) (Diel et al. 2008)

Patients, N 1,069 299 290

Extent of diseasea Stage I–III LN+ Bone+

Treatment duration, years 2 3 2

Follow-up time, years 2/5 10 8.5

Skeletal effect + NS ±b

Extraskeletal effect NS – ±c

Disease-free survival NS –(ER-) ±d

Overall survival + NS +

Abbreviations: BM bone metastases, LN lymph nodes, NS not significant, ER estrogen receptor, +,
better than standard therapy alone, –, worse than standard therapy alone
a Bone+ refers to primary breast cancer patients with positive bone marrow biopsies
b Effects were significant at 36 (P = 0.003) and 55 months (P = 0.044), but not at 103 months
c Effects were significant at 36 (P = 0.003) but not at 55 or 103 months
d Effects were significant at 36 and 55 months (P \ 0.001 for each) but not at 103 months
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which was subsequently abandoned in favor of intravenous regimens, which allow
improved gastrointestinal tolerability and higher bioavailability (Major et al.
2000). Adjuvant oral pamidronate (150 mg twice daily for 4 years) was tested in
953 patients with lymph node-negative primary breast cancer, but neither
improved OS nor prevented the occurrence of bone metastases (Kristensen et al.
2008). However, after this study was initiated, pamidronate was developed as an
intravenous agent and received broad regulatory approval in the multiple myeloma
and advanced breast cancer settings for preventing SREs. The effects of intrave-
nous pamidronate on the disease course during adjuvant therapy for breast cancer
have not been investigated.

3.3 Anticancer Benefits of Zoledronic Acid

Decades of innovation resulted in the development of multiple generations of BPs
with increasing levels of potency and clinical utility (Green and Guenther 2011).
Zoledronic acid was introduced into the oncology community when it demon-
strated superiority over pamidronate, the former standard of care, for combating
potentially life-threatening hypercalcemia of malignancy (HCM) in patients with
advanced cancers (Major et al. 2001). Since then, it has developed the broadest
oncology indication of any BP, receiving approval for the prevention of SREs in
patients with bone lesions from multiple myeloma or bone metastases secondary to
any solid tumor (Novartis Pharmaceuticals Corporation 2008). Therefore, several
large clinical trials investigated the potential of adjuvant ZOL to prevent breast
cancer recurrence. The majority of these studies used twice-yearly dosing, a
schedule that was designed to protect against bone loss during adjuvant endocrine
therapy. However, the AZURE study used a more intense upfront dosing regimen,
which gradually tapered to the twice-yearly dosing schedule during the first

Table 2 Ongoing trials evaluating the anticancer activity of bisphosphonates in breast cancer

Study Agent(s) Region Accrual
status

N (targeted or actual)

SWOG 0307 CLO vs IBA vs ZOL US Complete 6,097

SUCCESS ZOL Germany Complete 3,754

NSABP B34 CLO Canada/US Complete 3,400

AZURE ZOL UK/Australia Complete 3,360

GAIN IBA Germany Complete 3,024

NATAN Postoperative ZOL Germany, Austria Complete 693

ABCSG-18 Denosumab Austria Open 3,400

D-CARE Denosumab International Open 4,500

Abbreviations: CLO clodronate, IBA ibandronate, ZOL zoledronic acid
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3 years of the study (every 3–4 weeks for 6 doses, every 3 months for 8 doses,
then every 6 months for 5 doses) (Coleman et al. 2011b).

3.4 ABCSG-12

The Austrian Breast and Colorectal Cancer Study Group (ABCSG)-12 trial ran-
domized 1,803 premenopausal women with early stage, endocrine-responsive
breast cancer to four separate treatment regimens and evaluated disease-free sur-
vival (DFS) as the primary endpoint. Patients received goserelin and tamoxifen or
anastrozole with or without ZOL (4 mg every 6 months) for 3 years. In the event-
driven primary analysis at a median follow-up of 48 months, addition of ZOL to
adjuvant endocrine therapy led to a relative reduction of 36% (log-rank P = 0.01)
in the risk of DFS events versus endocrine therapy alone (Fig. 1a) (Gnant et al.
2009). Adding ZOL to adjuvant endocrine therapy was associated with an absolute
DFS improvement of 3.2% compared with endocrine therapy alone (48-month
absolute DFS rates were 94.0% in the ZOL group vs. 90.8% in the no-ZOL group;
P = 0.01) (Gnant et al. 2009), resulting in a number-needed-to-treat (NNT) of 31
patients to prevent 1 DFS event with ZOL at a median follow-up of 48 months,
which compares favorably with the NNT for prevention of 1 DFS event of 28 for
paclitaxel (60–69 months’ follow-up) and 31 for docetaxel (43–60 months’ fol-
low-up), two taxanes that are widely used for chemotherapy of breast cancer.
Notably, anticancer effects with ZOL were seen both in bone and beyond—
patients who received ZOL had fewer recurrences at all sites (locoregional
recurrence [10 vs. 20], distant recurrence [29 vs. 41] including bone metastases [16
vs. 23], and contralateral breast cancer [6 vs. 10]) versus patients who did not
receive ZOL (Gnant et al. 2009). Moreover, the longer-term follow-up results from
ABCSG-12 at a median follow-up of 62 months demonstrated a continued 32%
improvement in DFS (P = 0.008) in the ZOL-treated group. Because the adjuvant
therapy regimen had been completed after 36 months, these effects, more than
2 years after completion of therapy, suggest a sustained, long-term ‘‘carryover’’
benefit from adding ZOL to endocrine therapy (Gnant et al. 2010). In addition,
ZOL also produced a strong trend toward improved OS (hazard ratio [HR] = 0.67;
P = 0.094). There were no cases of clinically significant renal impairment or
osteonecrosis of the jaw (ONJ) reported at the 62-month follow-up of the study.

Further analyses were performed on the mature data set from ABCSG-12 to
determine whether there are subsets more likely to receive DFS benefits from the
addition of ZOL to adjuvant endocrine therapy. Exploratory subgroup analyses
revealed a significant difference in ZOL treatment effects based on patient age at
enrolment (Gnant et al. 2011). In the subgroup of women who were 40 years old or
younger (n = 413), ZOL did not produce a significant decrease in the risk of DFS
events (HR = 0.94; P = 0.821). In contrast, among patients who were older than
40 years of age at study entry (n = 1,390), ZOL produced a striking 42%
reduction in the risk of DFS events (HR = 0.58; P = 0.003) versus no ZOL.
Moreover, although the survival endpoint was underpowered because of the
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favorable survival profile in this study, ZOL produced a strong trend toward a 43%
reduction in the risk of death versus no ZOL in this older subset of patients
(HR = 0.57; P = 0.057).

3.5 ZO-FAST

The Zometa–Femara Adjuvant Synergy Trials (Z-FAST, ZO-FAST, and
E-ZO-FAST) were initiated primarily to investigate the bone-preserving activity of
ZOL during adjuvant therapy with aromatase inhibitors, and these studies have
provided important additional insight into the anticancer potential of ZOL. Each of
these studies enrolled postmenopausal women after surgical resection of their
stage I–IIIa breast cancer and randomized them to 5 years of adjuvant letrozole
(2.5 mg/day for 5 years) alone or with ZOL (‘‘upfront ZOL’’; 4 mg every 6 months;
the same dose as that used in premenopausal women in ABCSG-12) (Eidtmann et al.
2010). Patients randomized to letrozole alone were to initiate ZOL if they developed
clinically significant decreases in bone health that would place them at elevated risk
for fractures (e.g, osteoporosis/severe osteopenia or a fragility fracture). Therefore,
the control arms of these studies are referred to as the ‘‘delayed-ZOL’’ groups. In each
of these trials, upfront ZOL significantly increased bone mineral density (BMD)
relative to delayed ZOL in the overall trial population within the first year (Brufsky
et al. 2008; Eidtmann et al. 2010; Schenk et al. 2007).

In ZO-FAST, the largest of these studies (N = 1,065), patients were stratified
based on their menopausal status (recent or established postmenopausal), and
patient follow-ups for disease recurrence and survival were continued even after
patients had discontinued their study medication, allowing robust assessment of
treatment benefits. After 3 years’ median follow-up, in addition to the BMD
benefits with ZOL (the trial’s primary endpoint), the upfront-ZOL group had a
significant 41% reduction in the risk of DFS events versus the delayed-ZOL group
(HR = 0.588; log-rank P = 0.0314; Fig. 1b) (Eidtmann et al. 2010). Similar to
the case in ABCSG-12, ZOL initiation at the start of adjuvant endocrine therapy
was associated with a reduction in breast cancer recurrence in and outside
bone, with distant recurrence in 20 upfront-ZOL versus 30 delayed-ZOL patients
(of which bone metastases were in 9 upfront-ZOL versus 17 delayed-ZOL
patients), and first recurrence locally in 2 upfront-ZOL versus 10 delayed-ZOL
patients (Eidtmann et al. 2010). These DFS benefits with ZOL were maintained at
48 months (Coleman et al. 2009) and in the final 60-month analysis (HR = 0.66;
log-rank P = 0.0375) (de Boer et al. 2010).

3.6 AZURE

The ongoing AZURE trial is evaluating the anticancer activity of a tapered
schedule of ZOL (4 mg monthly for 6 months, then quarterly for 2 years, followed
by twice yearly for 2.5 years, for a total of 5 years of treatment) in 3,360 patients
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with high-risk, stage II/III BC receiving adjuvant chemotherapy and/or hormonal
therapy (Coleman et al. 2011b). In the overall population of the AZURE trial, ZOL
did not significantly increase DFS compared with standard therapy alone. The
second interim analysis for this ongoing trial revealed no difference in DFS

Fig. 1 Addition of twice-yearly ZOL to adjuvant endocrine therapy improved disease-free
survival compared with endocrine therapy alone in the (a) ABCSG-12 and (b) ZO-FAST trials.
Abbreviations: CI confidence interval, ZOL zoledronic acid. Panel (a) reprinted from Gnant et al.
(2009) N Engl J Med 360: 679–691. � 2009 Massachusetts Medical Society (Gnant et al. 2009).
Panel (b) reprinted from Eidtmann et al. Efficacy of zoledronic acid in postmenopausal women
with early breast cancer receiving adjuvant letrozole: 36 month results of the ZO-FAST study.
Ann Oncol (2010) 21(11): 2188–2194, by permission of the European Society for Medical
Oncology (Eidtmann et al. 2010)
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between ZOL and no ZOL in the overall trial population (HR = 0.98; P = 0.79)
(Coleman et al. 2010b). However, there was an intriguing trend toward improved
OS with ZOL (HR = 0.85; P = 0.07) (Coleman et al. 2010b). Prospective anal-
yses evaluating treatment benefits in subgroups of patients revealed that there was
a significant difference in ZOL benefits based on the menopausal status of the
patients at study entry (P = 0.02), and preplanned analyses based on menopausal
status were reported. Among pre- or perimenopausal patients, there was no
appreciable difference in DFS or OS with ZOL treatment versus standard therapy
alone. In contrast, among patients who were postmenopausal for at least 5 years
before study entry (n = 1,041), ZOL significantly reduced the risk of DFS events
by 24% (HR = 0.76; P \ 0.05) and the risk of death by 29% (HR = 0.71;
P = 0.017) (Coleman et al. 2010b). Although this subset constitutes only a rela-
tively small proportion (*30%; n = 1,041) of the AZURE population, in the
general population of patients with breast cancer the majority of patients (*70%)
are in this older demographic subset and may echo the findings observed in the
postmenopausal population of the AZURE trial (Voelker 2011).

3.7 Is There a Subset of Patients More Likely to Benefit
From ZOL Anticancer Effects?

The treatment regimens used in each patient subgroup in the AZURE trial have yet to
be reported. Because ‘‘standard therapy’’ was not defined in the protocol, patients
received the standard of care at the treating institution. Based on usual treatment
practices in the United Kingdom during the study period, it is likely that premeno-
pausal women in the AZURE trial received chemotherapy (with or without targeted
agents) without concomitant endocrine therapy (ovarian suppression and/or
tamoxifen). Therefore, the premenopausal patient subset in AZURE was unlikely to
be estrogen depleted and rendered amenorrheic or menopausal (unlike in ABCSG-
12, wherein all patients underwent ovarian suppression with goserelin (Gnant et al.
2009)). In contrast, hormonal therapy with tamoxifen and/or aromatase inhibitors
(AIs) was typically administered to older, established postmenopausal women in the
institutions participating in the AZURE trial. Therefore, the established postmeno-
pausal patient subset of AZURE in which the DFS and OS benefits were reported
could be considered comparable with the patient populations in ABCSG-12 (Gnant
et al. 2009) and potentially also ZO-FAST (Eidtmann et al. 2010) with respect to
estrogen status (Fig. 2) (Coleman et al. 2010b; Eidtmann et al. 2010; Gnant et al.
2009). With this perspective, it is consistent that adding ZOL to anticancer therapy
demonstrated a clear benefit in this estrogen-depleted patient subset, although the
underlying mechanisms for this benefit have yet to be entirely elucidated. Indeed,
benefits in a low-estrogen environment are consistent with the profound DFS benefits
detected in the exploratory analyses of the older-patient subset of ABCSG-12 (Gnant
et al. 2011), based on the prior observations that ovarian suppression with goserelin
may not be sufficient to fully oblate estrogen production in younger premenopausal
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patients. For example, there have been case reports of very young premenopausal
patients with breast cancer who became pregnant or resumed menses while receiving
regimens of luteinizing hormone-releasing hormone–analogue therapy that would be
expected to block ovarian function (Del Mastro et al. 1997, Uncu et al. 1996),
suggesting that estrogen levels may not be completely suppressed. Similarly, there is
a lower incidence of chemotherapy-induced amenorrhea in women less than
40 years of age (22–61%) versus women older than 40 (61–97%), suggesting that the
effects of cancer therapies on ovarian function are heavily influenced by the prox-
imity of patients’ age to the anticipated date of menopause (Del Mastro et al. 1997).
Further evaluations of the ZO-FAST database are underway to determine whether
there is a difference in ZOL’s effects on DFS in the stratum of patients who are
postmenopausal versus patients in the earlier stages of menopause.

Thus, the outcomes from AZURE and exploratory analyses of the other trial
databases underscore the importance of patient selection—identifying the subsets
of patients most likely to benefit from each of the different therapeutic strategies is
key to effective cancer control. An additional conclusion from the AZURE results
is that the benefits of using a tapered ZOL dosing regimen versus the twice-yearly
dosing used in ABCSG-12 and ZO-FAST are unclear, and further studies are
necessary to determine whether there is additional benefit from the increased dose
intensity used in the early years of AZURE.

The question of patient selection for ZOL therapy may persist throughout the
breast cancer disease continuum. Retrospective analyses of the phase III trial
database evaluating ZOL versus placebo in patients with bone metastases from
solid tumors revealed that ZOL improved OS in patients with elevated bone
turnover markers compared with placebo (Coleman et al. 2011a). Moreover, small

Fig. 2 Hazard ratios for disease-free survival for zoledronic acid versus control in patients with
early stage breast cancer. Studies including populations with [1,000 patients who were
postmenopausal or receiving ovarian suppression are summarized. Patients were randomized to
zoledronic acid (ZOL) versus no ZOL in ABCSG-12 and AZURE, and to upfront versus delayed
ZOL in ZO-FAST (Coleman et al. 2010b; Eidtmann et al. 2010; Gnant et al. 2009)
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studies of vascular endothelial growth factor (VEGF), a factor essential for
angiogenesis, reported elevated levels in patients with bone metastases from solid
tumors (Santini et al. 2007). In these patients, pamidronate and ZOL were shown
to produce sustained and long-lasting decreases in circulating VEGF levels
compared with baseline (Di Salvatore et al. 2011, Ferretti et al. 2005; Santini et al.
2002, 2003, 2007, 2006; Vincenzi et al. 2005).

3.8 Neoadjuvant Therapy

An exploratory subset analysis was performed among patients who received
neoadjuvant chemotherapy in the AZURE trial. In this subset (n = 205), adding
monthly ZOL significantly reduced the residual invasive tumor size at surgery
(P = 0.002 vs. chemotherapy alone) (Coleman et al. 2010c). In addition, treatment
with chemotherapy plus ZOL was associated with increased rates of pathologic
complete response and reduced need for mastectomies compared with chemo-
therapy alone (Coleman et al. 2010c). Therefore, ZOL may have a role in the
preoperative therapy of some patients with breast cancer to reduce tumor volume
and possibly increase the rate of breast-conserving surgery (Coleman et al. 2010c).
Notably, these effects were observed during the portion of the study in which ZOL
was administered on a monthly basis. These results are hypothesis generating and
consistent with the observations of anticancer synergy between ZOL and che-
motherapy agents that have been demonstrated in preclinical models of human
breast cancer (as discussed in Chap. 7). Further studies are needed to identify
whether there are patient subgroups or tumor types that are more likely to benefit
from neoadjuvant ZOL treatment.

3.9 Further Data From Translational Studies
in Early Breast Cancer

Pilot and phase II studies in women with early stage, high-risk breast cancer (total
N = 435) have reported that monthly ZOL, in combination with standard anti-
cancer therapy, can effectively increase DTC clearance and reduce DTC number
and persistence in bone marrow compared with standard therapy alone (Aft et al.
2010; Greenberg et al. 2010; Lin et al. 2008; Rack et al. 2010; Solomayer et al.
2009). One of these trials evaluated monthly ZOL combined with neoadjuvant
epirubicin/docetaxel in 120 women with newly diagnosed stage II–III breast
cancer (Aft et al. 2010). After 3 months, 17 of 56 patients receiving ZOL vs. 25 of
53 patients who did not receive ZOL had detectable DTCs (P = 0.054; Fig. 3a),
and ZOL significantly improved the proportion of patients who maintained DTC-
negative status from baseline to the 3-month assessment (Fig. 3b) (Aft et al. 2010).
These ZOL-mediated decreases in DTC persistence might be one of the mecha-
nisms underlying the observed clinical benefits in studies such as ABCSG-12 and
ZO-FAST. However, bone marrow biopsies were not performed in these large
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clinical studies. Further studies are needed to determine whether the observed DFS
benefits with ZOL correlate with decreases in DTC levels.

4 Can Bisphosphonates Prevent Cancer?

Exploratory analyses of clinical databases have provided intriguing insight into
additional potential benefits of BPs as a class. Three such studies have suggested
that, in addition to preserving BMD in postmenopausal women, BPs may actually
impede the development of breast cancer. Each reported a reduction in breast
cancer risk of approximately 30% for the BP-treated cohort versus women not
treated with BPs, and benefits were maintained in multivariate analyses and after
controlling for known confounding risk factors. Although prospective confirma-
tion of these observations in randomized controlled trials is needed, the strength
and consistency of the correlations are intriguing. The expanding theoretical
framework for BP anticancer effects both inside and outside of bone includes
mechanisms that could potentially apply to early stages of carcinogenesis and
primary tumor development.

In the largest of these analyses (N = 154,768), Chlebowski et al. (2010) per-
formed multivariate analyses of breast cancer rates using longitudinal data from
the Women’s Health Initiative Observational Study (WHI-OS). Women who
received BPs for osteoporosis had a 32% relative reduction in the overall risk of
breast cancer versus women who did not receive BPs (HR = 0.68; 95% confi-
dence interval [CI] = 0.52, 0.88). Furthermore, BP-treated patients who did
develop breast cancers had a higher proportion of in situ versus invasive disease
compared with the disease pattern observed in the non–BP-treated women.
Interestingly, both estrogen receptor (ER)-positive and ER-negative breast cancers
occurred at lower rates among the BP-treated women, and the effects appeared
more profound for ER-negative tumors. Concurrently, Rennert et al. (2010) per-
formed a similar analysis using the Breast Cancer in Northern Israel Study
(BCINIS) database (N = 4,039). Among postmenopausal women receiving BPs
for more than 1 year, the risk of breast cancer was reduced by 28% (odds
ratio = 0.72; 95% CI = 0.57, 0.90; P \ 0.01). Moreover, the breast cancers that
developed in BP-treated women generally had better prognostic features, including
a lower proportion of human epidermal growth factor receptor 2 (HER2)-positive
tumors, compared with those in women who did not receive BPs. In a population-
based case–control study, Newcomb et al. (2010) compared 2,936 incident inva-
sive breast cancer cases with 2,975 population controls who were younger than
70 years of age; breast cancer risk factors were assessed using multivariable
logistic regression. The risk of breast cancer was 33% lower for current BP
recipients compared with nonrecipients (odds ratio = 0.67; 95% CI = 0.51, 0.89).
Moreover, longer duration of BP administration correlated with a significantly
greater reduction in breast cancer risk (trend toward P = 0.01).
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Fig. 3 Effects of zoledronic acid on the presence of disseminated tumor cells (DTCs) in the bone
marrow of patients with early breast cancer. a Percentage of patients in each group with
detectable DTCs in their bone marrow at baseline and 3 months. Compared with baseline, fewer
patients in zoledronic acid than in the control group had positive DTCs at 3 months (P = 0.054
by Fisher’s exact test). b Percentage of patients in each group with no DTCs detectable in their
bone marrow at baseline who remained negative at 3 months (P = 0.030 by Fisher’s exact test).
Absolute numbers of patients at each time point are presented in the tables below each figure.
Reprinted from Lancet Oncol (2010) vol 11, Aft et al., Effect of zoledronic acid on disseminated
tumor cells in women with locally advanced breast cancer: an open label, randomised, phase 2
trial, pages 421–428, copyright 2010, with permission from Elsevier (Aft et al. 2010)
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Each of these studies was based on clinical practice databases, and the types of
BPs administered therefore varied based on local and regional practices. Thus,
they contain an inherent assumption that the BP effect was consistent across the
different agents, and it is possible that some BPs may have had stronger correla-
tions with reduced breast cancer risk than others. Indeed, in preclinical assay
systems, ZOL has consistently demonstrated higher anticancer activities compared
with the earlier-generation BPs (Green and Lipton 2010; Green and Guenther
2011), which are widely used for the treatment of postmenopausal osteoporosis,
and denosumab is yet to demonstrate any anticancer potential in the breast cancer
setting (Brufsky 2010; Neville-Webbe et al. 2010; Terpos and Dimopoulos 2011).
Indeed in the trial of denosumab to prevent cancer treatment-induced bone loss
(CTIBL) in patients receiving adjuvant therapy for breast cancer, recurrence rates
were slightly higher in the denosumab group versus the control treatment group
(US Food and Drug Administration 2009). In each of these analyses, the authors
attempted to control for confounders including age, ethnicity, tobacco use, alcohol
use, physical activity, baseline BMD, body mass index, prior hormone therapy,
calcium and vitamin D supplementation, number of pregnancies, duration of
breastfeeding, and other unknown factors that may potentially interact with breast
cancer risk. However, a major limitation of retrospective analyses such as these is
that the relative and interrelated risk factors for breast cancer are not yet com-
pletely understood, and, therefore, it is impossible to ensure that all important
factors have been considered. Nonetheless, these studies raise important questions
and provide intriguing possibilities for future research. Among these are the
assessment of which underlying activities of BPs may contribute to these obser-
vations and evaluation of whether there are subpopulations that would be most
likely to benefit from preventive therapy.

As with the outcomes in the adjuvant therapy setting, the estrogen environment
may affect the breast cancer outcomes in these studies. Lifetime exposure to estrogen
influences not only breast cancer risk but also BMD, and there are clear correlations
between high BMD and increased risk of breast cancer (Cauley et al. 1996; Chen et al.
2008; Lucas et al. 1998; Zmuda et al. 2001), presumably because estrogen can
stimulate the growth of ER-positive breast cancer cells (Douchi et al. 2007). Indeed,
in the WHI-OS database analysis, the breast cancer risk reduction with BPs was
significant for ER-positive invasive breast cancers. However, there was also a similar
(albeit not statistically significant) trend for reductions in ER-negative tumors
(Chlebowski et al. 2010), although the role of estrogen in the development of
ER-negative breast cancers is poorly understood. Moreover, Rennert et al. (2011)
reported that, in a database similar to the one used for the BCINIS study, the rate of
colorectal cancers was also lower among BP-treated women versus women who did
not receive BPs, suggesting that the potential cancer-preventing benefits of BPs are
not limited to breast cancers. Therefore, there are multiple aspects of this complex
story that will need to be answered before breast cancer prevention with BPs can be
effectively implemented in clinical practice.
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Ongoing trials of the anticancer potential of ZOL in early breast cancer settings
include SWOG 0307 (ZOL vs. CLO vs. ibandronate), NATAN (ZOL versus
control), and SUCCESS (ZOL vs. no ZOL). As these trials mature, they are
expected to provide additional insights into the anticancer activities of ZOL and
other BPs, and the role of BP therapy will likely expand.

5 Tolerability and Safety of Bisphosphonates
as Adjuvant Therapy

In general, BPs are well tolerated and have well-established safety profiles. The
safety profiles of ZOL in the adjuvant therapy setting have been very consistent
across the reported clinical trials (Table 3) (Coleman et al. 2009; Gnant et al. 2009).

Common adverse events of BPs vary by the administration route, dose, treat-
ment duration, and drug characteristics (Body 2001). For example, all oral BPs are
associated with gastrointestinal toxicities, whereas intravenous BPs are associated
with dose- and infusion rate-dependent effects on renal function, and adherence to
renal safety protocols for patient monitoring as well as dose adjustment, infusion
volume, and infusion duration is crucial for maintaining patient safety and comfort
(Berenson 2005). Each of the nitrogen-containing BPs is associated with an acute-
phase reaction (characterized by flu-like symptoms) after the first infusion. This
reaction is generally mild, preventable, or manageable with adequate hydration
and over-the-counter analgesics (Hamdy 2010), and uncommon with subsequent
treatment (Tanvetyanon and Stiff 2006).

Although the acute-phase reaction is a cluster of adverse events (e.g, flu-like
symptoms, muscle ache), it may reflect a potentially beneficial anticancer effect of
BPs. The acute-phase symptoms might be associated with activation of the
immune system through phosphoantigen production (a consequence of inhibition
of the mevalonate pathway by ZOL) and activation of gamma-delta T cells (Hewitt
et al. 2005), a subset of T cells involved in immunologic surveillance against
cancer cells. Indeed, phosphoantigen-mediated activation of gamma-delta T cells
was found to contribute to the anticancer activities of ZOL in preclinical models of
human breast cancer (Benzaid and Clezardin 2010; Vantourout et al. 2009).
However, no correlative analyses between acute-phase reactions and cancer out-
comes have yet been reported. Therefore, the relationship between acute-phase
reactions and anticancer immune responses is purely speculative.

Osteonecrosis of the jaw, characterized by exposed bone within the oral cavity
that does not heal despite at least 6 weeks of appropriate dental care, has been
reported as an uncommon adverse event in patients with advanced cancer
receiving complex therapeutic regimens including intravenous BPs for malignant
bone disease (Hoff et al. 2008). Recent studies have demonstrated that the inci-
dence of ONJ can be reduced by up to 70% by implementing preventive dental
measures and regular dental care (Dimopoulos et al. 2009; Ripamonti et al. 2009).
In the large clinical trials of adjuvant ZOL twice yearly, the overall ONJ incidence
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was 0.2% (5 confirmed cases in approximately 4,000 patients at a median follow-
up of 62 months for ABCSG-12 (Gnant et al. 2010), 60 months for Z-FAST,
48 months for ZO-FAST, and 36 months for E-ZO-FAST) (Coleman et al. 2009).
Furthermore, a meta-analysis of 15 randomized clinical trials of adjuvant BPs
reporting cases of ONJ (N = 10,694) revealed that ONJ was uncommon for BPs as
a class. Only 13 (*0.24%) of the 5,312 patients receiving BPs were reported to
develop ONJ, versus 1 (*0.019%) of the 5,382 patients whose adjuvant therapy
regimens did not include BPs (Mauri et al. 2009).

6 Other Uses of Antiresorptives in Women
with Early Breast Cancer

Advances in adjuvant therapies for breast cancer have, on the one hand, led to
favorable long-term survival, and on the other, necessitated the management of
CTIBL to prevent long-term increases in fracture risks (Gnant et al. 2008;
Sverrisdottir et al. 2004; Vehmanen et al. 2006). This is especially true among
premenopausal patients receiving adjuvant endocrine therapy and postmenopausal
patients receiving AIs (Forbes et al. 2008; Rabaglio et al. 2009; Santen 2011).

Several clinical trials have examined the use of antiresorptives to prevent bone
loss associated with endocrine therapy in both pre-and postmenopausal women
with breast cancer (Lipton 2010). The strongest clinical evidence to date for
protecting bone health during adjuvant endocrine therapy for breast cancer is
with ZOL at the same dose and schedule (twice-yearly ZOL concomitant with
AI regimen) that produced reduced disease recurrence in ABCSG-12/ZO-FAST
(Eidtmann et al. 2010; Gnant et al. 2010). Current guidelines for bone health in
early breast cancer recommend the use of BPs in patients at high risk for fracture
(Aebi et al. 2010; Gralow et al. 2009; Hadji et al. 2008, 2011; Hillner et al. 2003;
Reid et al. 2008). For example, treatment guidelines from the European Society for
Medical Oncology (ESMO) now support the potential use of adjuvant ZOL to
prevent bone loss and disease recurrence in women who meet the criteria for
ABCSG-12 or ZO-FAST (Aebi et al. 2010). However, the exact criteria for ini-
tiating therapy for BMD effects vary between the different society, local, and
regional treatment guidelines (as discussed by Hadji et al. (2011)). Administering
ZOL may therefore provide both BMD and anticancer benefits in this setting.

7 Conclusions

Bone plays a key role in harboring DTCs and supporting metastases in breast
cancer, and elevated levels of bone turnover release growth factors that can sup-
port cancer cell growth in the bone. Bisphosphonates, alone or in combination with
anticancer agents, have been shown to block multiple steps in the process of tumor
metastasis. Modification of the bone marrow microenvironment (soil) with BPs
may complement the effects of adjuvant therapy on the breast cancer cells (seeds),
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thereby further improving clinical outcomes. Results from recent clinical trials in
patients with hormone-responsive breast cancer support the concomitant use of
ZOL with adjuvant endocrine therapy to improve DFS, and ongoing trials are
further evaluating the effects of antiresorptive agents in combination with endo-
crine therapy and/or chemotherapy in the adjuvant breast cancer setting.

Additionally, BPs and other antiresorptive agents can help prevent bone loss
and fractures associated with adjuvant therapy for breast cancer patients, sug-
gesting that patients may experience both anticancer and bone-health benefits from
BPs during adjuvant therapy. Recent population-based and case–control studies
suggest that long-term BP administration to treat postmenopausal osteoporosis
may also reduce the risk of developing invasive breast cancer. However, pro-
spective clinical trials are needed to confirm these correlations and to identify
population subgroups most likely to derive such benefits.

The past decade has seen major developments in the treatment of patients with
early breast cancer. In addition to advances in hormonal and cytotoxic adjuvant
therapy regimens, ZOL has been shown to significantly improve DFS in patients
receiving adjuvant hormonal therapy. Ongoing clinical studies are further evalu-
ating the anticancer potential of ZOL; determining whether the anticancer effects
demonstrated inconsistently with clodronate in early trials will be confirmed in
studies of more modern design, and whether such anticancer effects extend to all
BPs and other classes of antiresorptive agents. The role of these agents in the
treatment of patients with breast cancer is likely to evolve as these studies mature.
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Abstract

In patients with lung cancer, bone is one of the most frequent sites of distant
spread, with approximately 30% of patients developing skeletal metastases.
About half of these patients will experience a skeletal-related event, the
occurrence of which not only affects quality of life, but is also associated with
poor prognosis. Bisphosphonates are currently the mainstay for treating bone
metastases in patients with lung cancer, with proven beneficial effects on
prevention and delay of skeletal complications. Their role in preventing the
development of skeletal metastases, their anti-tumoral properties and their
effect on survival remain to be elucidated. Other bone-targeted therapies are
being investigated in phase II and III clinical trials and might expand the
therapeutic arsenal in the near future.
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1 Introduction

Lung cancer is still the leading cause of cancer-related death worldwide, with
about 1.3 million patients dying from this disease each year. The majority of
patients will present with advanced (i.e. inoperable stage IIIB or stage IV) disease
at diagnosis, making them unsuitable for treatment with curative intent. But even
when diagnosed at an early stage, a large number of patients will eventually
experience disease relapse with metastases. As a consequence, the prognosis of
lung cancer patients is dismal, with a five year survival rate of only 15%.
Furthermore, during the course of their illness, patients with advanced lung cancer
may experience debilitating symptoms, seriously affecting their quality of life.
Skeletal metastases, a frequent site of distant spread in lung cancer, particularly
cause significant morbidity and quality of life (QOL) impairment as well as a
decline of performance status preventing further lines of treatments. Therefore,
adequate assessment and treatment of bone disease is essential in the management
of lung cancer patients.

2 Incidence of Bone Metastasis in Lung Cancer

Based on the results of autopsy reports, the incidence of bone metastases in lung
cancer has been estimated at 30–40% (Coleman 2001). On the one hand, these data
probably do not reflect the true incidence of bone metastases at diagnosis. On the
other hand, treatment advances in the past decade have resulted in improved
survival, leading to possibly even more patients being diagnosed with bone
metastases throughout their disease course.

Detection rates of bone metastases also vary depending on the diagnostic
modality used. Different studies using whole-body bone scans to evaluate the
presence of bone metastases in non-small-cell lung cancer (NSCLC) yielded
varying results with incidence rates between 8 and 34% (Kosteva and
Langer 2008). In recent years, fluorine-18 deoxyglucose positron emission
tomography (FDG-PET) has become a valuable tool for the detection of skeletal
metastases. In a single-center retrospective review, 110 patients diagnosed with
NSCLC underwent baseline FDG-PET and a bone metastases incidence rate of
19% was found (Bury et al. 1998).

Still, underestimation remains a problem, as current staging guidelines do not
routinely recommend screening for bone metastases in all patients with newly
diagnosed lung cancer.

Bone scans are mainly advised in symptomatic patients or in case of abnormal
clinical or laboratory findings (e.g. high alkaline phosphatase levels or hypercal-
cemia). In a small retrospective study addressing this issue, whole-body bone
scanning was performed in 49 patients who were believed to have potentially
operable NSCLC after initial evaluation. Although these patients had no clinical or
biochemical evidence of bone involvement, skeletal metastases were present in
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8 of 49 patients or 16.3% (Iordanidou et al. 2006). Similar results were found in a
prospective study of 100 patients with NSCLC: using whole-body bone scans,
bone metastases were detected in 7 of the 26 patients (27%) who did not report
bone pain, whereas the prevalence was 32% among the 74 patients who were
symptomatic (Schirrmeister et al. 2004).

3 Impact of Bone Metastases: The Rationale
for Adequate Treatment

Patients with skeletal metastases are at increased risk for so-called skeletal-related
events (SREs). This term groups all complications from bone metastases as well as
any therapeutic intervention required for palliation. SREs include pathologic
fractures, spinal cord and nerve root compression, hypercalcemia of malignancy
and the requirement for surgery or radiotherapy. In a large prospective study
assessing the efficacy of zoledronic acid in the treatment of skeletal metastases in
patients with NSCLC and other solid tumors (except carcinoma of breast and
prostate), 48% of patients in the placebo group experienced at least one SRE
(Rosen et al. 2004). Many patients have multiple SREs during the course of their
disease, with a mean of 2.71 SREs per year for lung cancer patients (Langer and
Hirsh 2010). The median time to first SRE is approximately 5 months (Rosen et al.
2004). Bone pain, although usually not considered a SRE, is the most common
presentation of skeletal metastases, with 80% of NSCLC patients complaining of
pain at the affected site. The most common ‘true’ SREs are need for radiation
therapy (34%) and occurrence of pathologic fractures (22%). Need for surgery
(5%), spinal cord compression (4%) and hypercalcemia of malignancy (4%) seem
to be less common complications (Kosteva and Langer 2004). All SREs have
considerable impact on quality of life (QOL), survival and healthcare costs.

QOL-issues of SREs have not yet been investigated in NSCLC patients spe-
cifically, but data may be well extrapolated from the experience in prostate cancer
patients, in whom a significant decline in physical, emotional and functional well-
being was demonstrated in patients who developed a SRE compared to patients
who did not (Weinfurt et al. 2006).

The occurrence of a SRE is a poor prognostic factor. Although in NSCLC
patients with metastatic (stage IV) disease, overall survival was comparable
between patients with or without bone involvement (237 days versus 268 days,
p = 0.733), SREs were associated with a 50% decrease in survival (366 days
versus 187 days), albeit not statistically significant (Tsuya et al. 2007).

The presence of skeletal metastases greatly increases the total costs of care for
patients. In a retrospective analysis using a large United States health insurance
claims database, the costs of SREs in patients with bone metastases from lung
cancer were examined. The estimated life-time cost per patient for the manage-
ment of SREs was approximately $12000 (based on 2004 cost estimations).
Radiotherapy accounted for 60% of total costs, bone surgery for 21% and treat-
ment of fracture for 4% (Delea et al. 2004). Since this study focused on expenses
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directly attributable to SREs, indirect costs, such as increased use of other medical
care services due to loss of functionality were not included. When total costs of
care were calculated, including those not directly related to the acute treatment of
SREs, medical costs were almost $28000 higher in patients with SREs compared
to patients without SREs (Delea et al. 2006).

4 Diagnosis of Bone Metastases in Lung Cancer

Current American Society of Clinical Oncology (ASCO) guidelines for staging of
lung cancer recommend the use of FDG-PET when there is no evidence of distant
metastatic disease on CT scan of the chest and abdomen. A bone scan is optional
when FGD-PET is used, but remains necessary in patients with suspicious
symptoms in regions not imaged by FDG-PET (Pfister et al. 2004). The European
Society for Medical Oncology (ESMO) still advocates the use of bone scans, but
only in patients with bone pain or clinical or biochemical suspicion of bone
metastases (D’Addario and Felip 2008). Symptom-based screening practices,
however, might well be inaccurate as demonstrated by Schirrmeister et al. (2004).
In a prospective study in 100 patients with NSCLC, 74 patients either reported
complaints related to the skeletal system or had abnormal findings at physical
examination. Only in 38 patients (22%) did 2 separate specialists consider the
symptoms suspicious for metastatic bone disease (Schirrmeister et al. 2004).
Therefore, a European Expert Panel recently recommended to screen for the
presence of bone metastases in every newly diagnosed lung cancer patient
(de Marinis et al. 2009). Furthermore, the same panel suggested that screening
should preferentially be based on FDG-PET as different studies have demonstrated
the superior accuracy of FGD-PET. In a retrospective review by Bury et al.
(1998) FDG-PET was compared with bone scintigraphy for the detection of bone
metastases in patients with NSCLC. FDG-PET was found to have a sensitivity of
90%, which compared to the sensitivity of bone scintigraphy. However, FDG-PET
was more specific (specificity 98% for FDG-PET versus 61% for bone scintigraphy)
and had a higher positive predictive value (90% versus 35%). In a prospective
study by Hetzel et al. (2003) 103 newly diagnosed NSCLC patients were evaluated
by bone scan and FDG-PET. Bone scan proved false negative in 13 of 33 patients
compared to 2 false negative results with FDG-PET. Furthermore, FDG-PET
detected 11 of 13 bone metastases missed by bone scan.

Another diagnostic modality that has recently been introduced for the assess-
ment of distant metastases is whole-body magnetic resonance imaging (MRI)
(Fig. 1). This technique, especially with diffusion-weighted imaging, compared
favorably to whole-body FDG-PET/CT when sensitivity is considered and might
have higher specificity (Takenaka et al. 2008), although specificity for FGD-PET/CT
was rather low in this trial. The main advantage of MRI is that it does not require
the use of ionizing radiation whereas availability is currently a major disadvantage.
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Fig. 1 Bone metastasis in a NSCLC patient presenting without any skeletal pain. The right femoral
bone metastasis was first described on PET scan (a) and later confirmed by MRI (c), but not visuable
by standard radiography of the femur (b). A whole-body bone scan was also positive (d)
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5 Treatment of Bone Metastases in Lung Cancer:
A Multidisciplinary Affair

The ultimate goal in bone care would be the prevention of developing skeletal
metastases. Until this becomes possible, management of bone metastases involves
palliation of pain and prevention or treatment of SREs. For this purpose, different
treatment modalities are often employed.

Medical treatment consists mainly of analgesics (non-steroidal anti-inflammatory
drugs in combination with narcotic analgesics) and intravenous bisphosphonates.
Bisphosphonates have become the mainstay of treatment of skeletal metastases and
will be discussed more extensively in the next section. In patients with refractory
pain, impending pathologic fractures or spinal cord compression, radiation therapy is
often required. A meta-analysis by the Cochrane Collaboration, found that radio-
therapy produced complete pain relief in 25% of patients at 1 month and at least 50%
relief in 41% (McQuay et al. 2000). Different dose-fractionation schemes are cur-
rently being used, varying from single fractions (usually 8 Gy) over short fraction-
ation schedules (20 to 30 Gy in 5–10 fractions) to more radical treatment schemes of
up to 50 Gy over 5 weeks (Bezjak 2003). A meta-analysis of radiotherapy dose-
fractionation trials found no difference in terms of pain control between patients
receiving single or multiple fractions (Chow et al. 2007). However, it remains
unclear if this is also true for other indications of radiotherapy such as the prevention
of pathologic fractures or neurologic decompression.

A major limitation of external radiotherapy is its inability to safely cover
multiple affected sites with optimal irradiation doses. Radiopharmaceuticals such
as strontium-89 chloride (89SrCl) accumulate in metastatic bone lesions and have
been shown to have analgesic effects mainly in patients with skeletal metastases
from prostate cancer. In a small trial by Kasalicky and Krasjka (1998) 31 lung
cancer patients were treated with strontium-89 chloride. Mild improvement
occurred in 38.7% of patients, substantial improvement in 51.7%, with 2 patients
(6.4%) reporting dramatic improvement (i.e. complete resolution of symptoms).
The mean duration of the beneficial effects was 3.3 months, with myelosuppres-
sion being the most common adverse event.

When weight-bearing bones are involved or pathologic fractures occur, palliative
surgery is the preferred treatment. Surgery may also be considered when conser-
vative measures fail to prevent neurologic complications of spinal cord compression.

6 Bisphosphonates in the Treatment of Bone Metastases:
The Current Standard of Care

In the past decades, the use of bisphosphonates has become common practice for
the treatment of hypercalcemia of malignancy and prevention of skeletal com-
plications in patients with proven bone metastases. For lung cancer in particular,
zoledronic acid is the only bisphosphonate that has been extensively studied and
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that has gained regulatory approval based on the results of a large pivotal trial by
Rosen et al. Little evidence in lung cancer exists for other bisphosphonates,
although a retrospective trial in 104 patients with NSCLC found a survival benefit
(15.4 months versus 2.1 months; p \ 0.001) in patients receiving pamidronate
(Spizzo et al. 2009).

6.1 Therapeutic Efficacy of Zoledronic Acid in Lung Cancer:
Results From Clinical Trials

The efficacy of zoledronic acid for the treatment of bone metastases in patients with
lung cancer was demonstrated in a large, randomized, placebo-controlled trial, in
which 773 patients with bone metastases from solid tumors other than breast and
prostate were randomized to receive either zoledronic acid (4 or 8 mg IV) or
placebo every 3 weeks for up to 21 months. Approximately 50% of enrolled
patients had NSCLC and 8% had small-cell lung cancer (SCLC). Due to safety
issues concerning renal toxicity in the high dose group, patients receiving 8 mg
were subsequently switched to a dose of 4 mg. Efficacy analyses were finally based
on the comparison of the 4 mg-dose group versus placebo. The primary endpoint of
the study was the reduction in patients developing one or more SRE at 21 months.
In the overall population, 48% of patients in the placebo group had experienced a
SRE compared to 39% in the zoledronic acid group (p = 0.039). Moreover, a 31%
risk reduction for the development of skeletal complications was observed.
Treatment with zoledronic acid significantly reduced all types of SREs as well as
the annual incidence of SREs (1.74 SREs per year for the zoledronic acid-treated
patients versus 2.71 SREs per year for placebo, p = 0.012). Furthermore, the
median time to both first SRE (236 days versus 155 days, p = 0.009) and first
pathologic fracture (294 days versus 161 days, p = 0.020) was significantly
delayed in the zoledronic acid group. Patients receiving zoledronic acid also
reported bone pain less frequently than patients treated with placebo. This trial
could not demonstrate any benefit regarding time to disease progression nor an
effect on overall survival (Rosen et al. 2004).

Time to disease progression and overall survival were the primary endpoints in
a prospective trial by Zarogoulidis et al. (2009). In this study, 144 patients with
stage IV disease and positive bone scan were consecutively recruited. Patients
were treated with combination chemotherapy carboplatin (AUC = 6) and doce-
taxel (100 mg/m2) every 4 weeks for up to 8 cycles, with symptomatic bone pain
patients also receiving zoledronic acid 4 mg IV every 4 weeks during chemo-
therapy, and every 3 weeks as maintenance thereafter. Median time to disease
progression was significantly delayed in the treatment group (265 days versus
150 days, p \ 0.001) and a survival benefit of almost 3 months (578 days versus
384 days, p \ 0.001) was seen in the patients receiving zoledronic acid. Moreover,
a positive correlation was found between the number of zoledronic acid infusions
received and survival and time to progression (p \ 0.01 Pearson correlation).
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6.2 Safety Issues and Recommendations for Use

Bisphosphonates are generally safe and well-tolerated. The most frequently
reported adverse events in the Rosen trial were nausea, anemia, emesis, obstipation
and dyspnea. These symptoms were mostly mild to moderate in severity.

Reports of renal dysfunction in patients treated with bisphosphonates raised
concerns about renal safety. However, when an infusion time of 15 min was
respected, the rate of grade 3/4 serum creatinine increases was identical in the
zoledronic acid 4 mg group (1.8%) compared to the placebo group (1.8%) (Rosen
et al. 2004). Assessment of renal function before the start of treatment and monthly
before each dose is recommended. Furthermore, dose adjustments should be made in
patients with mild to moderate renal dysfunction whereas zoledronic acid should not
be used in patients with severe renal impairment (creatinine clearance \30 ml/min).

Osteonecrosis of the jaw (ONJ) may occur in up to 5% of patients treated with
bisphosphonates, with dental trauma and suboptimal dental hygiene increasing the
risk of developing ONJ. Preventive measures have shown to result in a significant
reduction of the occurrence of ONJ: when comparing pre- and post-implementa-
tion of a preventive measures program, incidence rates for ONJ were 3.2% and
1.3%, respectively, (Ripamonti et al. 2009). Therefore, a dental examination prior
to initiation of treatment should be performed whenever bisphosphonate treatment
is considered.

6.3 Biochemical Markers of Bone Turnover: Predictors
of Clinical Outcome?

Biochemical markers of bone turnover may provide prognostic information in
patients with bone metastases. The value of N-telopeptide of type I collagen
(NTX), a bone resorption marker and bone-specific alkaline phosphatase (BALP),
a bone formation marker, as predictors of clinical outcome, has been investigated
in NSCLC patients. Data were obtained from the placebo arm of two phase III
trials of zoledronic acid for the treatment of bone metastases from prostate cancer,
NSCLC and other solid tumors. When the NSCLC patient stratum was analyzed
separately, patients with high baseline urinary levels of NTX (C100 nmol/mmol
creatinine) had a non-statistically significant increased risk of a SRE (RR = 1.66,
p = 0.183) and time to first SRE (RR = 1.99, p = 0.140), a statistically signifi-
cant increased risk of bone disease progression (RR 3.49, p = 0.007) and a sig-
nificant 4.7-fold increase in risk of death (RR = 4.67, p \ 0.001) compared to
those with low NTX levels. Comparable results were found for increased levels
(C146 IU/l) of BALP. When the total patient population was considered (prostate
cancer, NSCLC and other solid tumors), both baseline and on-study marker values
were predictive for the risk of a negative clinical outcome, with on-study values
probably being even more significant. Furthermore, NTX levels seemed to be
stronger prognostic indicators for negative clinical outcomes than BALP levels
(Brown et al. 2005).
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Lipton et al. (2008) demonstrated that in NSCLC patients with elevated NTX
levels (C64 nmol/mmol creatinine), zoledronic acid normalized NTX levels
within 3 months in 81% of patients (compared to 17% in the placebo group).
Normalization of NTX levels was associated with a significantly reduced risk of
death in patients treated with zoledronic acid (RR = 0.43, p = 0.0116) (Fig. 2).
Similar associations were found for SRE-free survival (45% relative increase) and
bone lesion progression-free survival (61% relative increase). In another retro-
spective analysis of the Rosen-trial, the effect of baseline NTX levels on treatment
effect was assessed. In patients with high baseline NTX (C64 nmol/mmol creat-
inine), treatment with zoledronic acid significantly reduced the risk of death by
35% (RR = 0.652, p = 0.025) compared to placebo, an effect that could not be
demonstrated in patients with low baseline NTX (Hirsh et al. 2008). Different
explanations have been proposed for these findings: patients with high NTX levels
might have bone disease more responsive to the effect of bisphosphonates or might
be more likely to benefit from treatment because of their higher risk for life-
limiting SREs. Furthermore, reduced osteolysis could result in decreased release of
growth factors from the bone matrix.

6.4 Pharmaco-Economic Considerations

Several recent studies have addressed the economic impact of treatment with
zoledronic acid. In a retrospective analysis in lung cancer patients in France,
Germany and the United Kingdom, drug-related costs were € 1,610, € 1.510 and
€ 1.597 per patient, respectively. However, the use of zoledronic acid resulted in a

Fig. 2 Patients with NSCLC whose elevated baseline levels of N-telopeptide of type I collagen
(NTX) normalize under treatment with zoledronic acid (E–N) have improved survival compared
to patients with persistently elevated NTX levels (E–E). E–E indicates patients with elevated
baseline and 3-month NTX; E–N, patients with elevated baseline and normalized 3-month NTX;
N, patients with normal baseline NTX (From Lipton et al. Cancer 2008; 113(1):193–201, with
permission)
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net reduction of SRE-related costs of € 2,221, € 2,031 and € 2,014 per patient,
leading to average overall cost savings of € 598 per patient in France, € 521 in
Germany and € 417 in the United Kingdom. The use of zoledronic acid can
therefore be considered highly cost-effective (Stephens et al. 2009).

6.5 Prevention of Bone Metastases: Under Investigation

Currently, the results of two clinical trials evaluating the ability of zoledronic acid
to prevent or delay the development of bone metastases are eagerly awaited
(Fig. 3) (US National Institutes of Health 2011b). In a European trial
(NCT00172042), patients with newly diagnosed stage IIIA and IIIB NSCLC, once
successfully treated with surgical or non-surgical combined modality treatment,
were then randomly assigned to zoledronic acid 4 mg IV every 3–4 weeks or

Fig. 3 Outline of two clinical trials evaluating the ability of zoledronic acid to prevent or delay
the development of bone metastases in NSCLC patients. a NCT00172042 b NCT00086268. (US
National Institutes of Health 2011a)
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placebo for up to 2 years. Patients in the placebo arm who developed bone
metastases were crossed over to receive zoledronic acid monthly. The primary
endpoint of this study is to evaluate the efficacy of zoledronic acid in delaying
disease progression, disease recurrence or death, with one of the secondary
endpoints being the time to bone metastases development. The US-ZPACT trial
(NCT0086268) has also completed enrollment and recruited patients with stage
IIIB or IV NSCLC (not metastatic to the bone), who were treated with chemo-
therapy (carboplatin/docetaxel). Patients were randomized to either zoledronic
acid or placebo for up to six cycles. Patients in the zoledronic acid arm who
responded to treatment were further randomized to zoledronic acid or placebo
monthly for up to 12 months. The primary endpoint is the proportion of patients
without disease progression (Fig. 3).

6.6 Evidence for Anti-Tumoral Activity in Lung Cancer?

There is a growing amount of preclinical evidence that zoledronic acid has
intrinsic anti-tumoral properties. In vitro, zoledronic acid was able to induce
apoptosis and inhibit cell growth in 16 different NSCLC cell lines (Berger et al.
2005) and in 8 out of 12 small cell lung cancer (SCLC) cell lines. Zoledronic acid
also inhibited SCLC cell lines growth in vivo in animal models.

Furthermore, there was in vitro evidence of an augmentation of the effects of
different chemotherapeutic agents frequently used in the treatment of lung cancer
such as paclitaxel, etoposide, cisplatinum (Matsumoto et al. 2005) and gemcita-
bine (Budman and Calabro 2006).

In addition to preclinical data, post hoc analysis from clinical trials also pointed
toward a possible direct anti-cancer activity of bisphosphonates. We already dis-
cussed the potential effect on disease progression and survival (see Sect. 6.1).
Moreover, Karamanos et al. (2010) found higher partial response rates in the
primary tumor (32% versus 16%) after completion of first-line chemotherapy in
patients who additionally received zoledronic acid.

7 Bone Metastasis Therapy in Lung Cancer: What
the Future Might Bring

7.1 Denosumab

Denosumab is a fully human monoclonal antibody that inhibits osteoclast function
and bone resorption by targeting receptor activator of nuclear factor kappa B
ligand (RANKL) (Fizazi et al. 2009; Lipton et al. 2007). The efficacy and safety of
denosumab in patients with solid tumors (other than breast and prostate) or mul-
tiple myeloma was assessed in a phase III trial by Henry et al. 2009. In total, 1776
bisphosphonate naïve patients were randomized to receive subcutaneous denosu-
mab 120 mg or intravenous zoledronic acid 4 mg (dose adjusted for creatinine
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clearance) every 4 weeks. Denosumab proved to be noninferior to zoledronic acid
(HR: 0.84; 95% CI 0.71–0.98, p = 0.0007) in delaying the time to first on-study
SRE. Although statistically non-significant, a trend towards prolonged time to first
on-study SRE (20.6 months for denosumab versus 16.3 months for zoledronic
acid) was seen in favor of denosumab. The incidence of osteonecrosis of the jaw
was similar between both groups (1.1% for denosumab, 1.3% for zoledronic acid).

7.2 Other Small Molecules

Different other pathways and agents for the treatment of neoplastic bone disease
are currently being investigated. Potential new molecular targets are c-Src,
cathepsin K and avb3 integrins (Kawatani and Osada 2009).

c-Src is a non-receptor tyrosine kinase that plays a key role not only in
osteoclast activation but also in various oncogenic cellular activities such as
proliferation, invasion and survival. Therefore, targeting this pathway is believed
to result in both anti-resorptive as well as anti-neoplastic effects. In preclinical
trials, dasatinib, an oral broadspectrum tyrosine kinase inhibitor, has demonstrated
both anti-osteoclast activity as well as anti-proliferative effects in a wide variety of
cell lines, including NSCLC. A phase II trial is ongoing in NSCLC with pro-
gression-free survival being the primary endpoint. Preliminary data reported
1 patient with partial response and 6 patients with stable disease among 25 patients
with metastasized NSCLC treated with dasatinib (Johnson et al. 2009).

Cathepsin K is a proteinase that is crucial in the collagen breakdown during
bone resorption. A phase II trial with a cathepsin K inhibitor in patients with breast
cancer was withdrawn before enrollment because of administrative reasons.

avb3 Integrins belong to a family of cell-surface adhesion receptors that mediate
cell–cell and cell–matrix interactions. Preclinical data in breast cancer suggest that
these agents may be useful in the treatment and prevention of breast cancer
skeletal metastases.

8 Conclusion

Bone metastases are common in patients with lung cancer. They cause significant
morbidity and their skeletal complications may negatively influence life expec-
tancy. Early detection, preferably with FDG-PET in all newly diagnosed lung
cancer patients, will allow for prompt initiation of bone-targeted treatment. The
beneficial effects of zoledronic acid on prevention and delay of skeletal compli-
cations have sufficiently been proven in large clinical trials. There is also some,
though so far limited, clinical evidence for a survival benefit in zoledronic acid-
treated NSCLC patients, supported by preclinical evidence for direct anti-cancer
properties of bisphosphonates. Based on the currently available data, the routine
use of zoledronic acid is recommended in all lung cancer patients with proven
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bone metastases. Preventive use of zoledronic acid in non-skeletal metastasized
lung cancer patients is not yet to be recommended. With the advent of newer
targeted agents for the treatment of bone metastases, such as RANKL antibodies,
the optimal treatment regimens for stage IV lung cancer with bone metastases may
become more complex in the near future.
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Bisphosphonates: Prevention of Bone
Metastases in Prostate Cancer
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Abstract

Bone metastases and their associated morbidities are common in patients with
advanced prostate cancer and other genitourinary (GU) malignancies.
Zoledronic acid (a bisphosphonate) has long been the mainstay of treatment
for reducing the risk of skeletal-related events in patients with bone metastases
from GU cancers, and denosumab (a monoclonal antibody directed against the
receptor activator of nuclear factor kappa B ligand [RANKL]) has recently
received approval for this indication in the United States. Preclinical data
indicate that modifying the bone microenvironment may render it less
conducive to metastasis, and emerging clinical findings suggest that the
potential benefits from bone-directed therapies are not limited to reducing
skeletal morbidity—these agents might help to improve survival and delay bone
disease progression or even development of bone metastases (if used earlier in
the disease course). This chapter reviews the rationale and recent clinical data
supporting an antimetastatic role for bone-directed therapies in patients with
GU malignancies.
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Abbreviations

ADT Androgen-deprivation therapy
BALP Bone-specific alkaline phosphatase
BMD Bone mineral density
BP Bisphosphonate
CRPC Castration-resistant prostate cancer
CTC Circulating tumor cell
DM Distant metastasis
DTC Disseminated tumor cell
E-E Patients with elevated baseline and 3-month NTX
E-N Patients with elevated baseline and normalized 3-month NTX
cd Gamma-delta (T cells)
GU Genitourinary
HR Hazard ratio
MM Multiple myeloma
N-BP Nitrogen-containing bisphosphonate
NTX N-telopeptide of type I collagen
OS Overall survival
PC Prostate cancer
PO Oral(ly)
PSA Prostate-specific antigen
RANKL Receptor activator of nuclear factor kappa B ligand
RCC Renal cell carcinoma
RP Radical prostatectomy
SC Subcutaneous(ly)
SRE Skeletal-related event
ZOL Zoledronic acid
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1 Introduction

1.1 Genitourinary Malignancies: Burden of Disease
and Challenges to Bone Health

Genitourinary (GU) malignancies represent a considerable health burden, with
prostate cancer (PC) being the most commonly diagnosed malignancy among men
(782,647 new cases diagnosed worldwide every year) (Garcia et al. 2007). These
cancers have a marked predilection for metastasis to the skeleton—bone metastases
have been reported to develop in 65–75% of patients with advanced PC and 20–40%
of patients with other advanced GU cancers (Coleman 2001). Malignant bone lesions
disrupt normal bone homeostasis, the balanced and spatially coupled interactions
between osteoclasts (bone resorption) and osteoblasts (bone formation) responsible
for normal bone maintenance and repair, resulting in weakening of the skeleton
(Coleman 2001). In imaging studies, bone lesions from GU cancers, such as PC,
renal cell carcinoma (RCC), or bladder cancer, may appear to be osteolytic, osteo-
blastic, or a combination thereof. Regardless of their appearance, all bone lesions are
associated with localized elevations in bone turnover (Mundy 2002). Bone metas-
tases can lead to skeletal-related events (SREs), including pathologic fractures,
spinal cord compression, the need for surgery to bone or palliative radiotherapy, and
hypercalcemia of malignancy (Coleman 2001). In the absence of bone-directed
therapy, most patients with advanced PC will experience a SRE during the course of
their disease (Saad et al. 2004). Bisphosphonates (BPs) are antiresorptive agents that
block pathologic bone resorption by inhibiting osteoclast activation and function
(Boyle et al. 2003; Rogers et al. 2000). These agents thereby interrupt the vicious
cycle of increased osteolysis coupled with increased tumor growth (Mundy 2002).
Bisphosphonates are the standard of care for maintaining bone health in patients with
bone metastases from solid tumors and bone lesions from multiple myeloma (MM)
(Aapro et al. 2008). Denosumab, a monoclonal antibody against the receptor acti-
vator of nuclear factor kappa-B ligand (RANKL) has received regulatory approval in
the United States for preventing SREs in patients with bone metastases from solid
tumors (Fizazi et al. 2011; Henry et al. 2011). Although the mechanism of action of
denosumab is different from that of BPs, the end effect is inhibition of pathologic
bone turnover, resulting in reduced skeletal morbidity.

Emerging evidence also suggests that, in addition to preserving skeletal
integrity in patients with malignant bone lesions, antiresorptive agents may help
delay the development of skeletal and other metastases, potentially by making the
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bone microenvironment less conducive to tumor growth. The preferential metas-
tasis of cancer cells to bone is best explained theoretically in the ‘‘seed and soil’’
hypothesis (Paget 1889), first described more than a century ago, but still relevant
as our understanding of the metastatic process grows. According to this theory, the
skeleton provides a fertile ‘‘soil’’ for the germination and growth of cancer
‘‘seeds’’. It is now believed that circulating tumor cells (CTCs) may act as ‘‘seeds’’
for subsequent local and distant relapse in supportive ‘‘soil’’; the sites of future
tumor growth may be the primary tumor site (tumor ‘‘self seeding’’) or distant
metastasis (such as in the bone or visceral organs such as the liver) (Mundy 2002;
Norton and Massague 2006). Moreover, CTCs often take up residence in the bone
marrow (referred to as disseminated tumor cells [DTCs]) because the bone
microenvironment and specialized signaling mechanisms and cell–cell contacts
therein provide a secure niche for DTCs to survive for prolonged periods of time,
and even allow them to evade the cytotoxic or proapoptotic effects of systemic
anticancer therapy (Clines and Guise 2008; Meads et al. 2008; Mundy 2002;
Shiozawa et al. 2008). Furthermore, CTCs and DTCs have been associated with
increased risk of recurrence and distant metastases in patients with PC (Table 1)
(Anand et al. 2010; Berg et al. 2007; Danila et al. 2007; Danila et al. 2010;
Kollermann et al. 2008; Lee et al. 2009; Morgan et al. 2009; Olmos et al. 2009;
Weckermann et al. 2009), suggesting that manipulating the bone

Table 1 Correlations between CTC/DTC levels and clinical outcomes in prostate cancer

Setting N Result

Newly diagnosed nonmetastatic
PC (Kollermann et al. 2008)

193 DTC status before neoadjuvant endocrine
therapy predicted PSA relapse after RP

PC with no evidence of disease
after RP (Morgan et al. 2009)

98 DTC status after RP predicted recurrence

Nonmetastatic PC (Berg et al.
2007)

131 DTC status at baseline correlated with Gleason
score and with risk of DM after RP

Progressive CRPC (chemotherapy
naive) (Anand et al. 2010)

65 CTC status at baseline correlated with radiographic
progression-free survival

Metastatic CRPC (Danila et al.
2010)

54 CTC status during treatment correlated with
time to PSA progression

Localized or metastatic PC
(Lee et al. 2009)

42 CTC levels correlated with radiographic and
biochemical disease parameters in patients with
metastatic PC

CRPC (Olmos et al. 2009) 119 Baseline CTC levels and treatment-associated
changes in CTC levels correlated with OS

Newly diagnosed PC
(Weckermann et al. 2009)

384 DTC levels before RP (but not after RP) correlated
with risk of PC recurrence within 48 months

Abbreviations CRPC castration-resistant prostate cancer, CTC circulating tumor cells, DTC
disseminated tumor cells, DM distant metastasis, OS overall survival, PC prostate cancer, PSA
prostate-specific antigen, RP radical prostatectomy
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microenvironment to make it less supportive of DTC survival might provide a
means to prevent or delay the development of overt bone disease.

1.2 Hormonal Therapy for Prostate Cancer

Bone metastases and their associated SREs are of substantial concern for patients
with advanced PC. Several BPs have been evaluated in patients with bone
metastases from PC (Donat et al. 2006; Ernst et al. 2003; Hatoum et al. 2011;
Hering et al. 2003; Lipton et al. 2002; Rodrigues et al. 2004; Saad 2008; Saad et al.
2004); although both oral (PO) and intravenous (IV) BPs have shown palliative
activity in this setting, zoledronic acid (ZOL) is the only BP to have demonstrated
significant objective and durable benefits and to have received broad regulatory
approval for preventing SREs in patients with bone metastases from castration-
resistant PC (CRPC) (Saad et al. 2002, 2004). Current treatment options for
patients with bone metastases from CRPC and other GU malignancies include
ZOL (Novartis Pharmaceuticals Corporation 2009) (4 mg IV every 3–4 weeks)
worldwide, and denosumab (120 mg subcutaneously [SC] every 4 weeks) in the
United States and the European Union (Amgen Inc 2010a; Amgen Europe BV
2011).

Patients with PC may face additional challenges to skeletal health even before
they develop bone metastases. Osteoporosis is prevalent among men diagnosed
with PC (Diamond et al. 2004). Androgen-deprivation therapy (ADT) is frequently
used to treat high-risk PC or for rising prostate-specific antigen after primary
therapy (Heidenreich et al. 2009). However, ADT is associated with decreased
bone mineral density (BMD), which is a cumulative effect during long-term
treatment. A number of antiresorptive agents (PO alendronate and risedronate; IV
ZOL; SC denosumab) are approved for treating osteoporosis in men and women
(Merck & Co. Inc 2010; Novartis Pharmaceuticals Corporation 2008; Procter &
Gamble Pharmaceuticals Inc 2009). Although several of these agents maintain
BMD in patients with PC during ADT, studies show that alendronate, denosumab,
and ZOL also improve BMD in patients with PC receiving ADT (Bhoopalam et al.
2009; Casey et al. 2010; Greenspan et al. 2007; Israeli et al. 2007; Izumi et al.
2009; Planas et al. 2009; Ryan et al. 2006; Smith et al. 2003; Smith et al. 2001;
Smith et al. 2009; Taxel et al. 2010). Based on preclinical data, it is possible that
increased bone turnover (as observed during ADT) may increase the risk of
developing bone metastases (Padalecki et al. 2002), potentially by increasing the
release of bone matrix-derived growth factors that may support tumor cell survival
and proliferation (Mundy 2002). Such physiology may help render the bone
microenvironment more conducive to cancer cell growth. Thus, using a BP or
other antiresorptive agent to reduce the rate of bone turnover may help delay the
development of bone metastases.
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2 Anticancer Activity of Antiresorptive Agents
in Prostate Cancer

The preclinical rationale and mechanisms supporting the anticancer potential of
BPs and other antiresorptive agents were discussed in detail in Chap. 1, and are
therefore only mentioned briefly here. The clinical data supporting these pre-
clinical observations will be discussed in the following sections.

2.1 Preclinical and Translational Data Suggesting Potential
Anticancer Activity of Bone-Targeted Agents

Using bone-targeted agents to alter the bone microenvironment may disrupt
interactions between PC cells and bone that are central to metastatic tumor for-
mation (Josson et al. 2010; Mundy 2002; Rucci and Teti 2010), thereby reducing
the risk of disease progression. For example, in a preclinical model, orchiectomy
was associated with elevated rates of bone loss and PC metastasis to bone
(Padalecki et al. 2002). Treatment with ZOL was associated with reversal of the
bone loss and a reduced rate of metastasis to bone (Padalecki et al. 2002).
Bisphosphonates may also inhibit disease progression by stimulating innate anti-
tumor immune mechanisms. One important component of anticancer immuno-
surveillance is the gamma-delta (cd) T cell; the predominant subtype, Vc9 Vd2, is
activated by phosphoantigens and by metabolic and signaling intermediates often
overexpressed in cancer cells (Clezardin and Massaia 2010). Treatment with
nitrogen-containing BPs (N-BPs) such as ZOL blocks the mevalonate biosynthesis
pathway, leading to accumulation of phosphoantigens and potentially to clinically
relevant effects on cd T-cell activity (Clezardin and Massaia 2010). For example,
small studies in patients with PC showed that ZOL treatment prompts a significant
long-term shift of peripheral cd T cells toward an activated effector memory-like
state associated with improved immune surveillance against transformed or
malignant cells (Dieli et al. 2007; Naoe et al. 2010). Preclinical studies suggest
that, in addition to their potential to render the bone microenvironment less con-
ducive to tumor growth, BPs may also have direct anticancer activity
(e.g., induction of cancer cell apoptosis) and synergy with cytotoxic chemother-
apy; these effects are especially profound for ZOL (Boissier et al. 2000;
Clyburn et al. 2010; Coxon et al. 2004; Facchini et al. 2010; Morgan et al. 2007;
Neville-Webbe et al. 2005). For example, ZOL reduced the proliferation and
survival of both androgen-independent and androgen-dependent PC cell lines
(Koul et al. 2010). In other preclinical studies in PC cell lines, clinically relevant
doses of doxorubicin and ZOL had proapoptotic synergy (Clyburn et al. 2010;
Neville-Webbe et al. 2005).
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2.2 Insights From Early Bisphosphonate Trials

The first evidence for a potential clinical anticancer benefit from BP therapy in
patients with PC came from early trials of clodronate, an oral BP. Two studies
evaluated the effect of clodronate on skeletal health and overall survival (OS) in
men receiving hormonal therapy for stage M0 (localized disease) or M1 (bone
metastases) PC (Dearnaley et al. 2009a). In long-term follow-up, clodronate
improved OS in men with M1 disease beginning hormonal therapy, but not in men
with M0 disease (Fig. 1) (Dearnaley et al. 2009b). These observations further
support a possible benefit from BP effects on the ‘‘soil’’ (the bone microenvi-
ronment) in patients with PC.

The phase III, placebo-controlled trial of ZOL for reducing the risk of SREs in
men with bone metastases from CRPC also evaluated OS as a secondary endpoint.
In this study, ZOL produced a trend toward improved OS (median survival, 546 vs.
469 days with placebo; P = 0.103) (Saad 2008). Although this improvement in
survival might be partially attributable to the prevention of potentially life-limiting
SREs (Saad et al. 2007), these data support further investigation of bone-targeted
agents for delaying disease progression and/or death in patients with CRPC.

2.3 Exploratory Analyses From Phase III, Placebo-Controlled
Trials of Zoledronic Acid: Benefits in Patients
with Elevated Levels of Bone Turnover Markers

Biochemical markers of bone turnover provide a window into the ongoing dynamics
of bone remodeling. These markers include peptides (e.g., N-telopeptide of type
I collagen [NTX]) and enzymes (e.g., bone-specific alkaline phosphatase [BALP])
that are highly specific to bone and are released during bone remodeling into serum
and secreted in urine. These markers can be assessed relatively non-invasively.
Retrospective exploratory studies showed that bone marker levels are often elevated
in patients with bone metastases from PC or in patients receiving ADT for locally
advanced disease (Lipton et al. 2008; Michaelson et al. 2004). Furthermore, small
studies suggest that the patterns of bone marker changes during ADT in patients with
localized disease may be distinct from the changes in patients with bone metastases.
For example, compared with hormone-naive men, levels of NTX and BALP were
elevated in men undergoing ADT for PC; however, BALP levels were substantially
higher in men with than without bone metastases, whereas NTX levels did not differ
based on bone involvement (Michaelson et al. 2004).

In exploratory analyses of the databases from phase III trials comparing ZOL
versus placebo in patients with bone metastases from CRPC or other solid tumors,
elevated bone marker levels (at baseline or during BP treatment) were associated
with increased risk of SREs and reduced survival (Brown et al. 2005; Coleman
et al. 2005; Cook et al. 2006; Smith et al. 2007). In addition, pilot trials suggest
that elevated bone markers may be associated with increased risks of disease
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recurrence or progression (Costa et al. 2009; Noguchi et al. 2003). For example, in
a study in patients with bone metastases from PC receiving hormonal therapy,
elevated bone marker levels correlated with biochemical recurrence and progres-
sion of bone metastases (Noguchi et al. 2003). These observations support the
hypothesis that normalization of elevated bone turnover might correlate with better
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disease outcomes. Indeed, in a recent study in patients with bone metastases
receiving continuous ZOL treatment, OS was prolonged in patients whose bone
marker levels decreased by the 3-month assessment (Izumi et al. 2010). Further-
more, in exploratory analyses of data from the phase III trial of ZOL versus
placebo in patients with bone metastases from CRPC (N = 314), of ZOL-treated
patients (n = 193) who had elevated baseline NTX (C64 nmol/mmol creatinine)
70% normalized their NTX levels within 3 months, compared with only 8% in the
placebo group. Normalization of NTX levels was associated with 59% decrease in
the risk of death (P \ 0.0001; Fig. 2) compared with persistently elevated NTX
levels (Lipton et al. 2008), and any NTX decrease over the first 3 months was
associated with a corresponding improvement in survival (Lipton et al. 2008).
Interestingly, further retrospective analyses of the phase III trial database of ZOL
showed that ZOL treatment was associated with improved survival in patients with
aggressive bone disease as defined by markedly elevated NTX levels
(C100 nmol/mmol creatinine) at baseline (Body et al. 2009). Although such
correlative data are not available for changes of BALP during ZOL therapy,
baseline and on-study BALP levels showed strong prognostic potential in
exploratory analyses of the same trial database (Coleman et al. 2005), suggesting
that monitoring BALP level changes during treatment might also provide insights
into the underlying biology of PC-associated bone disease and response to BPs.
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Fig. 2 Kaplan-Meier survival estimates, stratified by baseline and 3-month N-telopeptide of type
I collagen (NTX) levels in patients with bone metastases from castration-resistant prostate
cancer. Patients received zoledronic acid (4 mg via intravenous infusion every 3 weeks for up to
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Reprinted from Lipton et al. (2008) Cancer 113:193–201, with permission from John Wiley and
Sons (Lipton et al. 2008)
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2.4 Ongoing Clinical Trials Evaluating the
Anticancer Potential of Bone-Directed Therapies
in the Prostate Cancer Setting

Several ongoing trials are evaluating the potential for BPs and other bone-targeted
therapies to delay or prevent PC progression (Table 2). The STAMPEDE trial
(ISRCTN78818544) is assessing the anticancer activity of ZOL in combination
with various chemotherapy regimens (Dearnaley et al. 2009b), and the RADAR
study is evaluating whether ZOL can prevent bone loss and bone metastases in
patients with PC initiating ADT (US National Institutes of Health 2009). Fur-
thermore, the ZEUS study is examining the ability of ZOL to prevent bone
metastases in patients with asymptomatic recurrent PC (US National Institutes of
Health 2008).

In addition to the ongoing studies with BPs, a large, placebo-controlled, phase
III study (AMG 147) is investigating the role of denosumab in prolonging time to
bone metastases in patients with CRPC (Harper and Dansey 2010). In a pre-
liminary data release from this trial, denosumab (60 mg every 4 weeks per study
design and in the initial portion of the trial; increased on-study to 120 mg every
4 weeks) was reported to improve bone-metastasis-free survival by 4.2 months
(hazard ratio [HR] = 0.85; P = .03) versus placebo but had no effect on OS
(Amgen Inc 2010b). Further details about this study (e.g., patient and baseline
disease characteristics, detailed clinical outcomes) were presented at recent peer-
reviewed scientific forums (Smith et al. 2011; Oudard et al. 2011). These initial
‘‘positive’’ results from AMG 147 support the ‘‘seed and soil’’ concept of bone
metastasis and suggest that inhibiting bone resorption may inhibit the development
or progression of metastases in bone. However, given the additional potential
anticancer activities of N-BPs, the outcomes from ongoing trials such as
STAMPEDE, ZEUS, and RADAR are eagerly awaited.

Table 2 Ongoing Phase III trials of antiresorptive agents in the prostate cancer setting

Study (Agent) N Accrual status Key endpoints

ZEUS (ZOL) 1,498 Complete Time to bone metastasis in high-risk,
nonmetastatic disease (± ADT)

RADAR (ZOL) 1,071 Complete Relapse-free survival in patients receiving
short- or long-term ADT

STAMPEDE (ZOL) 3,300 Enrolling; current
n = 1,469

Failure-free survival in patients receiving
ADT ± chemotherapy

AMG 147
(Denosumab)

1,435 Complete Time to bone metastasis or death in high-
risk, nonmetastatic CRPC

Abbreviations ADT androgen-deprivation therapy, CRPC castration-resistant prostate cancer,
ZOL zoledronic acid
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3 Anticancer Activity of Bisphosphonates in Other
Genitourinary Cancers

Preclinical studies using models of GU cancers showed that ZOL can inhibit
overall tumor progression, proliferation, invasion, and adhesion; activate immune
response against cancer cells; promote apoptosis; and produce synergistic anti-
cancer effects with cytotoxic agents (Guise 2008; Ullen et al. 2009; Yuasa et al.
2009). Furthermore, in a mouse model of RCC, ZOL reduced blood vessel density
compared with control mice, suggesting that ZOL may have antiangiogenic
properties in the RCC setting (Soltau et al. 2008). This observation is especially
intriguing given the extensive vascularization characteristic of RCC and the suc-
cess of antiangiogenic therapies to treat metastatic RCC (Choueiri et al. 2010).
In addition to these preclinical data, pilot studies and exploratory analyses from
phase III trials in patients with bone metastases from GU cancers suggest potential
anticancer effects with ZOL treatment.

3.1 Proof-of-Principle Data From Clinical Studies

Retrospective analyses of the RCC subset of patients enrolled in a phase III trial of
ZOL in patients with lung cancer or other solid tumors showed that ZOL signif-
icantly extended time to disease progression (586 vs. 89 days; P = .014; Fig. 3)
(Saad and Lipton 2005) and demonstrated a trend toward prolonged OS (347 vs.
216 days; P = 0.104) compared with placebo (Lipton et al. 2004; Saad 2008; Saad
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with permission from John Wiley and Sons (Saad and Lipton 2005)
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and Lipton 2005). Additionally, a prospective, placebo-controlled trial in patients
with bone metastases from bladder cancer (N = 40) showed that ZOL (4 mg IV
monthly for 6 months) significantly increased the 1-year survival rate (P = 0.004)
compared with placebo (Zaghloul et al. 2010). These findings suggest that ZOL
has anticancer activity in patients with advanced RCC or bladder cancer.

3.2 Normalization of Bone Markers

Exploratory studies suggest that elevated levels of bone turnover markers may
reflect the presence and extent of bone metastases regardless of the primary cancer
type (Saad and Lipton 2007). Indeed, in retrospective analyses from phase III
clinical trials of ZOL, a majority of patients with solid tumors and confirmed bone
metastases had urinary NTX levels at or above the normal threshold for young
healthy adults (50 nmol/mmol creatinine) (Coleman et al. 2005). Furthermore,
especially elevated levels of bone turnover markers may predict worse prognosis.
In a retrospective subset analysis in patients with PC, lung cancer, or other solid
tumors, a larger proportion of patients with markedly elevated (C100 nmol/mmol
creatinine) baseline NTX levels experienced SREs compared with patients with
normal NTX levels (Brown et al. 2005). Moreover, exploratory analyses in
patients with bone metastases from RCC showed that patients with elevated
(C64 nmol/mmol creatinine) NTX on study also had increased risks of death
(HR = 13.370; P = 0.0001), bone disease progression (HR = 11.137;
P = 0.0087), first pathologic fracture (HR = 7.650; P = 0.0217), and any path-
ologic fracture (HR = 5.085; P = 0.0031) compared with patients with normal
baseline NTX levels (Brown et al. 2009). In addition to reducing the risk of SREs,
ZOL treatment was associated with improved cancer-related outcomes in some
patient populations. In exploratory analyses of the phase III, placebo-controlled
trials in patients with bone metastases from solid tumors, ZOL treatment was
associated with a reduced risk of disease progression and death in patients with
baseline NTX C100 nmol/mmol creatinine (Body et al. 2009; Costa et al. 2009).
Although SREs (especially pathologic fractures) are associated with increased
mortality (Saad et al. 2007), the survival benefit with ZOL in patients with ele-
vated baseline NTX levels was maintained in analyses adjusting for SRE incidence
(Body et al. 2009), thereby suggesting an underlying anticancer effect.

Similar to the previously reported finding in patients with bone metastases from
CRPC, exploratory analyses in patients with bone metastases from other solid
tumors (including RCC and bladder cancer) also show that ZOL therapy is asso-
ciated with normalization of elevated NTX levels in a majority of patients, and that
normalization of NTX levels might be correlated with a potential survival benefit
(Hirsh et al. 2008; Lipton et al. 2008; Lipton et al. 2007). Among patients with
bone metastases from lung cancer or other solid tumors (excluding breast and
prostate) and elevated baseline NTX levels, approximately 80% of ZOL-treated
patients experienced normalization of NTX levels within 3 months of therapy
compared with only 17% of patients who received placebo (Lipton et al. 2008).
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Normalization of NTX levels at 3 months versus baseline was associated with a
57% reduced risk of death compared with persistently elevated NTX (P = 0.0116)
(Lipton et al. 2008). Similarly, rapid normalization of NTX levels was associated
with a 48% reduced risk of death compared with persistently elevated NTX
(P = 0.0017) among patients with bone metastases from breast cancer. These data
indicate that further studies are warranted to evaluate the potential of antiresorp-
tive agents to alter the disease course in GU malignancies, as well as to better
elucidate the clinical utility and prognostic value of bone turnover markers during
bone-targeted therapy.

4 Conclusions

Traditionally, anticancer therapies have been targeted against the malignant cells.
It is becoming evident, however, that the microenvironment is key to metastatic
tumor growth and provides an additional target for anticancer therapy. Although
hormonal therapy could be considered a means to alter the systemic environment
supporting tumor growth and progression, this principle is currently best recog-
nized for antiangiogenic therapies used to treat metastatic RCC. Nevertheless, it is
becoming evident that using antiresorptive agents to alter the bone microenvi-
ronment may help prevent the development and/or progression of skeletal
metastases from PC and other GU malignancies, and initial clinical data suggest a
possible expanded role for bone-targeted agents in GU cancers. Ongoing clinical
trials are further evaluating the anticancer potential of bone-targeted therapies, and
results are eagerly awaited.
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Targeting Bone in Myeloma

G. J. Morgan and Ping Wu

Abstract

Myeloma bone disease (BD) not only impairs quality of life, but is also associated
with impaired survival. Studies of the biology underlying BD support the notion
that the increased osteoclastogenesis and suppressed osteoblastogenesis is both a
consequence and a necessity for tumour growth and clonal expansion. Survival
and expansion of the myeloma clone are dependent on its interactions with bone
elements; thus, targeting these interactions should have anti-myeloma activities.
Indeed, both experimental and clinical findings indicate that bone-targeted
therapies, not only improve BD, but also create an inhospitable environment for
myeloma cell growth and survival, favouring improved clinical outcome. This
chapter summarizes recent progress in our understandings of the biology of
myeloma BD, highlighting the role of osteoclasts and osteoblasts in this process
and how they can be targeted therapeutically. Unravelling the mechanisms
underlying myeloma–bone interactions will facilitate the development of novel
therapeutic agents to treat BD, which as a consequence are likely to improve the
clinical outcome of myeloma patients.
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1 Bone Disease in Myeloma

Myeloma is unique among haematological malignancies, being characterized
by osteolytic bone lesions and the development of skeletal-related events (SREs).
At presentation, 70% of patients have bone disease and 60% patients report a
pathologic fracture over the course of their disease (Melton et al. 2005). The
presence of bone disease (BD) is a defining characteristic of myeloma requiring
treatment; moreover, the extent of BD and bone resorption activity has been shown
to be an important risk factor for overall survival (OS) (Durie and Salmon 1975;
Jakob et al. 2008; Zhan et al. 2006). BD has been linked to poor prognosis in
myeloma patients. Bone resorption activity has been shown to be an independent
risk factor for OS in MM patients (Jakob et al. 2008). Results from the MRC
myeloma IX trial show that patients with presenting BD have a significantly shorter
OS compared to those without BD, with a shorter survival from relapse being the
main contributor to this effect (median 12.2 vs. 23.4 months) (Wu et al. 2011).

The genetic lesions associated with subgroups of myeloma also seem to
modulate rates of BD possibly by modifying the interaction of the myeloma cells
with the BM milieu. For example, MM cells harbouring the t(14;16) translocation
overexpress the transcription factor c-maf, which activates cyclin D2 expression
and increases MM cell proliferation. In addition, c-maf up-regulates b7-integrin
expression and potentiates MM cell adhesion to BM stromal cells (BMSCs)
(Hurt et al. 2004). It has been shown that cases characterized by MAF deregulation
have less BD as do cases with the t(4;14) (Robbiani et al. 2004; Wu et al. 2011).
In contrast, MM cells characterized by the t(11;14) and hyperdiploid karyotypes
have more BD and seem to depend on the BM microenvironment for the induction
of cyclin D1 expression (Wu et al. 2010; Bergsagel et al. 2005). Furthermore,
the hyperdiploid subgroup and cases with cyclin D1 overexpression are under-
represented in plasma cell leukaemia (Bergsagel and Kuehl 2003), where micro-
environmental interactions are clearly less important.

2 Mechanism of Bone Disease in Myeloma

Studies of the biology underlying BD support the notion that the increased
osteoclastogenesis and suppressed osteoblastogenesis is both a consequence and a
necessity for tumour growth and clonal expansion. Thus, as BD is the major
contributor to morbidity and mortality in MM, in addition to chemotherapy
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targeting the myeloma cells, bone-supportive treatment is also an essential com-
ponent of the therapy, and accumulating evidence suggests that bone targeted
therapies not only reduce skeletal complications but also improve survival.

On binding to their stromal environment, myeloma cells have been shown to
induce changes in several cell types that are intimately involved in the induction of
bone lesions, including BMSCs, BM endothelial cells, immune cells, osteoblasts
and osteoclasts. The induced changes, in turn, offer the MM cells a supportive
stromal environment, access to vascular networks, and locally produced growth
factors and cytokines (Mitsiades et al. 2007), favouring their growth and survival.
These examples support the notion that the genetics of MM cells and their
interactions with the BM microenvironment are not completely independent of
each other, but rather they functionally interact to influence the biology and
clinical behaviour of the disease.

The mechanism underlying myeloma BD is an uncoupling of bone resorption
from bone formation as a consequence of increased osteoclastic activity and
inhibition of osteoblast function (Bataille et al. 1989). Several osteoclast activating
factors have been found to be important in regulating bone resorption. The most
significant system, in this respect, consists of the receptor activator of NF-jB
(RANK), its ligand RANKL and a soluble decoy receptor, osteoprotegerin (OPG)
(Roodman 2004). We are now beginning to understand that this dysregulation of
the normal interactions within the bone marrow microenvironment is not only
responsible for the bone destruction, but also for the initiation, maintenance and
expansion of the myeloma clone. This pro-survival effect is thought to be mediated
via direct cell–cell contact between myeloma and bone cells, as well as via
positive cytokine feedback loops set up during the bone resorption process, cre-
ating a vicious cycle of bone resorption and tumour growth. The ability of BMSCs
to support proliferation, survival and drug resistance of MM should be viewed as
pathological recapitulation of their natural role in supporting haematopoiesis.

Myeloma cells either directly produce or induce other cells to produce ‘‘osteoclast
activating factors’’, which drive the differentiation of haemopoietic stem/precursor
cells to mature osteoclasts as well as increasing their bone resorbing activity.
Osteoclast activation significantly increases the growth and survival of the myeloma
clone, an effect that is mediated both by direct cell–cell contact and indirectly via the
release of soluble factors. Soluble growth factors and cytokines in the MM micro-
environment, such as interleukin 6 (IL-6), osteopontin, B cell activating factor of the
TNF family (BAFF) and a proliferation-inducing ligand (APRIL), have been
implicated in osteoclast-induced myeloma cell survival (Yaccoby 2010). Other
important factors produced as a consequence of these interactions include vascular
endothelial growth factor (VEGF), tumour necrosis factor- a (TNF-a), stromal cell-
derived factor 1a (SDF-1a), fibroblast growth factor (FGF), Interleukin-1 (IL-1) and
macrophage inflammatory protein 1 alpha (MIP-1a) (Mitsiades et al. 2007).

Cell adhesion-mediated drug resistance (CAMDR) is a feature of the myeloma
cell interaction with osteoclasts in the BM. In this context, it has been observed that
co-culturing osteoclasts with myeloma cells is able to protect them from drug-
induced apoptosis (Yaccoby et al. 2004). Of interest in this respect is that after in
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vitro interaction with osteoclasts or stromal cells, myeloma cells acquire a more
immature phenotype (Yaccoby 2005; Dezorella et al. 2009). Such observations are
clinically relevant as high resolution imaging approaches have shown that plasma
cells can persist in focal lesions in the BM of patients who have otherwise achieved a
complete remission (Walker et al. 2007; Bartel et al. 2009). Such a process could
also be responsible for maintaining myeloma stem cells within a stromal cell niche in
the BM, mediating chemo-resistance and subsequent disease relapse (Zipori 2010).

Mature osteoblasts are suppressed in MM and differ from BMSCs and immature
osteoblasts with a different pattern of cytokines and ‘‘osteoclast activating factors’’
being expressed which would inhibit the growth of the myeloma clone. Terminally
differentiated osteoblasts produce high levels of OPG and reduced levels of RANKL,
consequently reducing osteoclastogenesis, therefore, inhibiting bone resorption
(Glass et al. 2005; Qiang et al. 2008; Spencer et al. 2006). The production of pro-
survival growth factors, such as IL-6 and IGF1, are reduced as BMSCs differentiate
into osteoblasts (Gunn et al. 2006), also favouring an anti-myeloma effect. This effect
may also be enhanced by the fact that mature osteoblasts produce factors such as
decorin, that directly inhibit the survival of myeloma cells as well as inhibit the pro-
survival impact of osteoclasts (Yaccoby et al. 2006; Li et al. 2008). These obser-
vations suggest that the inhibition of osteoblast differentiation in MM not only
contributes to the induction of osteolytic lesions, but also creates favourable con-
ditions for myeloma cell survival and proliferation. Thus, therapeutic approaches to
stimulate osteoblast differentiation may be able to reduce the levels of myeloma
growth factors and osteoclastogenic factors in BM microenvironment, therefore,
restraining myeloma clone growth and consequently improving clinical outcome.

Therefore, MM is currently viewed as a prototypical disease model for studying
tumour–microenvironment interactions and the complex interactions present in the
BM microenvironment bring with them the potential for their therapeutic target-
ing. We make the case for the potential for additional therapeutic benefit to be
achieved by the combination of traditional antimyeloma agents targeting the
interactions with the BM microenvironment and bone elements. This approach
may not only be beneficial during induction treatment, by increasing the sensitivity
of the myeloma cells to the cytotoxic agents used to kill the myeloma cells, but
may also be important during the maintenance phase by targeting the plasma cell
niche in the BM, such that the biology of residual clonal cells is modified.

3 Pathogenesis and Targeting of Bone Disease in Myeloma

BD in myeloma is characterized by purely osteolytic lesions with no new bone
formation, an effect that is mediated via increased osteoclastic activity and inhi-
bition of osteoblast function. Interestingly, in respect of the pattern of BD, mye-
loma cells lie in close proximity to the sites of active bone resorption and seem to
play a key role in altering the balance of bone resorption and bone formation
(Roodman 2004).
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3.1 What is the Impact of the ‘‘Novel Therapies’’ on Bone Disease

The important contributions of the BM microenvironment to disease progression can
explain, to a certain extent, why the ‘‘novel drugs’’ that target the bone microenvi-
ronment as well as myeloma cells, have been more effective than conventional
approaches. Apart from their direct anti-tumour activities, the immunomodulatory
agents (IMiDs) thalidomide and lenalidomide and the proteasome inhibitor bort-
ezomib, seem to affect osteoclast and osteoblast activity in myelomatous bones
(Zangari et al. 2005; Anderson et al. 2006; Terpos et al. 2007; Breitkreutz et al. 2008).

3.1.1 Immunomodulatory Drugs
Immunomodulatory drugs (IMiDs), such as Thalidomide, Actimid and Revlimid,
are effective agents for treating MM. Apart from their well-known anti-tumour
activity, these drugs may directly interfere with osteoclast differentiation via the
reduction of PU.1 expression, a critical transcription factor during osteoclast
development (Anderson et al. 2006; Breitkreutz et al. 2008). Moreover, the
exposure of BMSCs derived from MM patients to Revlimid decreases their
secretion of RANKL, consequently impairs osteoclastogenesis and favours mye-
loma cell suppression (Breitkreutz et al. 2008). These data were related to the
clinical findings that in the serum of MM patients treated with Revlimid, RANK/
RANKL levels were reduced, whereas OPG levels were increased. However, both
Thalidomide and Revlimid have been shown to induce DKK1 expression of
myeloma cells after 48 h of treatment in a GEP study, which could potentially
impair osteoblast function (Shaugnessy et al. 2002).

3.1.2 Bortezomib
Possible informative data on the role of stimulating bone formation as a thera-
peutic strategy has come indirectly from the use of the proteosome inhibitor
Bortezomib which was incidentally shown to have anabolic bone activities.
Bortezomib is a proteasome and NF-jB signalling inhibitor with potent anti-MM
activity. Since RANKL enhances osteoclast differentiation by activating NF-jB
pathway, it is not surprising that bortezomib, by reducing NF-jB activity, can
impair osteoclast survival and differentiation (Zavrski et al. 2005; von Metzler
et al. 2007). In addition to decreasing osteoclast activity in MM, bortezomib also
has ‘‘anabolic’’ bone effects by inducing osteoblast differentiation (Zangari et al.
2005; Mukherjee et al. 2008). Although the mechanism(s) by which proteasome
inhibition leads to increased osteoblast activity has not been firmly established,
previous work suggests that proteasome inhibition can upregulate Runx2 and
osterix, two critical transcription factors in osteoblast differentiation (Mukherjee
et al. 2008; Giuliani et al. 2007a; De Matteo et al. 2010). Bortezomib also appears
to decrease the serum levels of DKK-1 and RANKL in patients with MM (Terpos
et al. 2006). Taken together, these preclinical data provide an explanation for the
increased bone formation markers and reduced bone resorption markers seen in
MM patients treated with bortezomib (Shimazaki et al. 2005; Heider et al. 2006;
Boissy et al. 2008; Uy et al. 2007). Although these findings suggest that
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bortezomib has the capacity to prevent myeloma BD, at present there is only one
report showing the effectiveness of bortezomib on SREs in myeloma patients
(Delforge et al. 2011), and interestingly radiological evidence of bone healing was
observed in some of the bortezomib-treated patients.

3.2 The Anti-Myeloma Effects of Bisphosphonates

Bisphosphonates (BPs) are the current standard care for the prevention and treatment
of malignant BD (Kyle et al. 2007; Morgan 2011), strong preclinical evidences from
various models of MM suggest that nitrogen-containing BPs (N-BPs) such as
zoledronic acid (ZOL) may have anticancer activity including inhibiting angio-
genesis, enhancing antitumour immune responses, and directly or indirectly modu-
lating the proliferation and survival of myeloma cells (Morgan 2011). This has been
confirmed by a number of clinical trials showing bisphosphonates improve both OS
and PFS in myeloma patients (Aviles et al. 2007; McCloskey et al. 2001; Berenson
et al. 1998; Morgan et al. 2010; Berenson et al. 2006). These findings further support
the notion that the interactions between myeloma cell and surrounding BM micro-
environment constitute an important factor that needs to be taken into account in the
development of novel therapeutic strategies.

BPs naturally bind to mineralized surfaces such as bone and inhibit osteoclast-
mediated bone resorption. The second generation N-BPs (e.g. ZOL, pamidronate)
have been proven more effective at reducing SREs compared to the first generation
BPs (e.g. CLO) (Rosen et al. 2001). Moreover, strong preclinical evidence, from
various models of MM, suggest that the N-BPs may have anticancer activity via the
inhibition of angiogenesis, enhanced anti-tumour immune responses, inhibition of
tumour cell migration and directly modulating the proliferation and survival of
myeloma cells (Baulch-Brown et al. 2007; Shipman et al. 1997; Tassone et al. 2000;
Ural et al. 2003; Corso et al. 2005; Zwolak et al. 2010). In vivo N-BPs may also
affect MM progression by blocking the release of cytokines and growth factors from
the bone matrix, thereby breaking the vicious cycle of bone destruction and cancer
growth (Morgan 2011). In addition, the anticancer effects of BPs have been dem-
onstrated to have synergy with agents that are used in the treatment of myeloma,
including dexamethasone, thalidomide and bortezomib (Ural et al. 2003;
Schmidmaier et al. 2006; Moschetta et al. 2010). Preclinical mouse models of MM
indicate that the anti-myeloma effect of N-BPs may be mediated via the inhibition of
protein prenylation and consequent inhibition of the RAS–RAF–MARK pathway
(Guenther et al. 2010), a mechanism of action not shared by non-N-BPs. Based on
the BP anticancer theory and promising early results, a large randomized trial
(N = 1960) was conducted to evaluate the role of BPs in newly diagnosed MM
patients receiving either intensive or non-intensive regimens (Morgan et al. 2010).
Results show that ZOL significantly reduces skeletal morbidity and significantly
improves both PFS and OS (HR 1.19, 95% CI 1.04–1.35) versus CLO. Notably, the
survival benefit with ZOL remained significant after adjustment for SREs, consis-
tent with clinically meaningful antimyeloma activity.
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3.3 Rank/RANKL System

In the myeloma BM microenvironment, the interaction between BMSCs and MM
cells results in increased RANKL expression and decreased OPG production,
favouring bone resorption. A human neutralizing antibody against RANKL,
denosumab, which mimics the endogenous effect of OPG, has been tested in
myeloma patients (Raje and Roodman 2011). Denosumab has been investigated in
two phase II studies of myeloma patients previously treated with BPs, and both
studies confirmed its efficacy in reducing SREs (Fizazi et al. 2009; Vij et al. 2009).
In one of the trials using denosumab as a single agent in patients with plateau
phase or progressive MM, although denosumab did not significantly decrease
tumour burden, some patients with progressive disease experienced disease sta-
bilization (Vij et al. 2009). More recently Henry et al. (2011) reported the results
of a phase III randomized trial that directly compared denosumab with ZOL on
SRE development and survival in patients with myeloma. Consistent with the
other studies denosumab was at least as effective as ZOL in reducing the time to
first SREs; however, the ZOL treated group had a more favourable survival
(HR 2.26; 95% CI 1.13 to 4.50). Therefore, current findings indicate that both BPs
and denosumab can effectively reduce SREs, but denosumab treatment was not
associated with a significant survival benefit in MM patients.

3.4 MIP1a

MIP1a, largely produced by myeloma cells and osteoclasts is a potent inducer of
osteoclast formation independently of RANKL by promoting osteoclast precursor cell
migration and fusion (Han et al. 2001). It also has multiple roles in myeloma cell,
including promoting myeloma cell growth, survival and migration (Lentzsch et al.
2003). Targeting MIP1a could have important effects on improving patients’ outcome.
A clinical grade small molecule CCR1 antagonist, MLN3897, inhibits MIP1a-induced
osteoclastogenesis and myeloma cell proliferation in vitro (Vallet et al. 2007).
Recent report shows that MIP1a also inhibits osteoblast function by impairing matrix
mineralization and suppressing osteocalcin production (Vallet et al. 2011), an effect
mediated via downregulation of the osteogenic transcription factor osterix and
downstream ERK signalling. MLN3897 blocks ERK phosphorylation and restores, at
least partially, osteocalcin expression in vitro and in vivo.

3.5 Anti-BAFF-Neutralizing Antibody

Osteoclasts and myeloma cells interact by stimulating each others’ growth and
survival, and a critical mediator in this interplay is a TNF family member BAFF.
BAFF is an MM growth factor derived from osteoclast and BMSC that mediates
both myeloma cell survival and myeloma cell-BMSC adhesion (Abe et al. 2004;
Tai et al. 2006). A neutralizing antibody against BAFF has been shown to
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significantly inhibit tumour burden in vivo and, importantly, reduce the number
of lytic lesions and osteoclast differentiation (Neri et al. 2007). On the basis of
these results, a phase I study of this BAFF-neutralizing antibody (LY2127399)
combined to bortezomib is currently ongoing in drug resistant MM patients
(NCT00689507) (www.clinicaltrials.gov).

3.6 Bone Anabolic Agents

While the N-BP ZOL is the current gold standard for the treatment of MM bone
disease not all patients respond to the treatment. Despite being on ZOL up to 30%
newly diagnosed MM patients still develop SREs within 2 years (Morgan et al.
2010). This observation has led researchers to focus activity on agents able to pro-
mote anabolic bone activity as a way of treating BD. In this respect, there are an
abundance of growth factors either produced by myeloma cells or the other cells
within the BM microenvironment, which can be targeted and have the potential to
contribute to the suppression of osteoblast function and bone formation in myeloma
(e.g. activin A, HGF, TNF-a, IL-7 and IL-3) (Raje and Roodman 2011).

3.6.1 The Pathogenesis of Impaired Bone Formation in Myeloma
Pathologically, myeloma BD seems to be related not only to the increased activity
of osteoclast but also to a lack of an appropriate compensatory osteoblastic
response. Bone formation is inhibited in myeloma via two distinct mechanisms,
the first being the functional inhibition of already existing osteoblasts (Bataille
et al. 1986, 1990a; Evans et al. 1989) and the second via the impaired differen-
tiation of MSCs (mesenchymal stem cells) into new mature osteoblasts (Bataille
et al. 1986, 1990b, 1991). In addition to reducing new bone formation, the excess
of immature osteoblasts provides a rich source of the osteoclastogenic factor
RANKL, favouring bone resorption and myeloma cell survival (Atkins et al.
2003). The differentiation to a mature osteoblast is inhibited by factors secreted by
both myeloma cells (e.g. DKK1, sFRP2-3, sclerostin, IL-7 and HGF) and micro-
environmental cells (e.g. IL-3, activin A), as well as by direct cell–cell contact
between MM cells and osteoblast precursors. A full understanding of the mech-
anisms underlying this process should provide a rich source of therapeutic targets
able to treat BD and also to improve the survival of myeloma patients.

The differentiation of MSCs to osteoblastic cells requires the transcriptional
activity of Runx2/Cbfa1. Apart from Runx2 there is at least one more transcription
factor, osterix, whose activity is absolutely required for osteoblast differentiation.
Osterix acts downstream of Runx2 in the transcriptional cascade of osteoblast
differentiation and osterix expression can be directly regulated by the binding of
Runx2 to a response element in the promoter of the osterix gene (Karsenty 2008).
A positive signal delivered by the Wnt signaling pathway is crucial in osteoblasts
differentiation (Westendorf et al. 2004). Wnt signalling has been also demon-
strated as the key mediator of parathyroid hormone (PTH)-induced bone forma-
tion, as the expression of DKK1, sclerostin, FRZB and several other components
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of the canonical Wnt signaling pathway have been shown to be negatively regu-
lated by PTH (Bellido et al. 2005; Guo et al. 2010; Keller and Kneissel 2005;
Kulkarni et al. 2005; Qin et al. 2003; Pennisi et al. 2010).

The sFRP family proteins are also soluble inhibitors of Wnt signalling, sFRP-2
and sFRP-3/FRZB have been investigated as possible mediators of osteoblast
inhibition in myeloma. FRZB as well as DKK1 have been reported to be upreg-
ulated in MM samples compared to normal plasma cells and MGUS samples (Tian
et al. 2003; Davies et al. 2003; De Vos et al. 2001). Sclerostin has, more recently,
been identified as another major Wnt signalling pathway inhibitor (Li et al. 2009).
While sclerostin was thought to be exclusively expressed in osteocytes; it has
recently been shown to be expressed in myeloma cells. Sclerostin has been
demonstrated to reduce bone formation marker in an in vitro co-culture system of
BMSCs and myeloma cells and a neutralizing sclerostin antibody has been shown
to improve bone formation markers (Colucci et al. 2010). These results suggest
that anti-sclerostin represents a promising therapy for the anabolic treatment and
warrant the assessment of this approach in myeloma BD.

3.6.2 Targeting the Wnt Pathway
The Canonical Wnt signalling has been identified as an important pathway in
normal osteoblast differentiation; the two basic therapeutic strategies for enhanc-
ing bone regeneration through the Wnt signalling pathways are adding agonists or
blocking naturally occurring antagonists.

A role for DKK1 in the inhibition of osteoblast activity in MM was first suggested
based on GEP of myeloma patients (Tian et al. 2003). A correlation between
increased DKK1 expression and the extent of BD seen in this study was confirmed by
various other detection methods (ELISA, qRT-PCR, western blot and immuno-
staining) and in different data sets (Giuliani et al. 2007b; Haaber et al. 2008). More
recently, in addition to its effects on osteoblast differentiation, DKK1 has also been
shown to enhance osteoclast activity via an increase in RANKL/OPG ratio (Qiang
et al. 2008; Spencer et al. 2006). Importantly in terms of targeting BD as a potential
anti-myeloma therapy, it has been shown that administration of an anti-DKK-1
antibody in a mouse model of myeloma inhibits bone destruction, increases bone
formation and also inhibits tumour growth (Yaccoby et al. 2007). DKK1 is a soluble
inhibitor of the Wnt pathway produced by MM cells. Recently, a DKK1 neutralizing
antibody (BHQ880) has been tested in myeloma in the context of the bone micro-
environment (Fulciniti et al. 2009). This antibody was able to enhance osteoblast
differentiation, inhibit osteoclast differentiation, as well as reduce IL-6 levels in a co-
culturing system, which are potentially therapeutically relevant. While the antibody
did not demonstrate direct cytotoxic effects on MM cells, it did inhibit MM cell
growth when the MM cells were cocultured with BMSCs and this was associated
with reduced IL-6 secretion by BMSCs, suggesting that it may have anti-myeloma
effects in vivo. Indeed, a few studies using murine MM models show that DKK1-
neutralizing antibody increases osteoblast numbers and bone formation, as well as
inhibits MM cell growth (Yaccoby et al. 2007; Fulciniti et al. 2009). BHQ880 is
being tested in an ongoing phase I/II clinical trial for patients with relapsed and
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refractory MM who are receiving ZOL and anti-MM therapy (NCT00741377)
(www.clinicaltrials.gov).

The inhibition of GSK3b is necessary for effective canonical Wnt signalling
and subsequent osteogenic differentiation, GSK3b inhibitors which enhance Wnt
signalling are, therefore, good candidates for bone anabolic therapy in MM.
GSK3b inhibition has also been shown to reduce myeloma-induced BD as well as
inducing tumour cell death in a murine plasmacytoma model (Gunn et al. 2011).
An orally active, small molecule GSK3b inhibitor, 603281-31-8, has been reported
to increase bone mass and bone formation markers, lower adiposity and reduce
fracture risk in ovariectimized mice (Kulkarni et al. 2006, 2007). These promising
results from preclinical studies warrant the testing of GSK3b inhibitors in clinical
settings.

3.6.3 Activin A
Activin A is a member of the transforming growth factor-b (TGF-b) superfamily
and is released from BMSCs and osteoclasts. It signals through the activin type 2A
receptor and has dual effects of stimulating osteoclast activity and inhibiting
osteoblast differentiation. Activin A levels have been demonstrated to be elevated
in the BM of MM patients and correlate with the extent of osteolytic lesions
(Vallet et al. 2010). Effects of Activin A inhibition in MM were investigated using
a soluble receptor RAP-011. RAP-011 treatment leads to increased OB differen-
tiation and inhibits OC development in vitro. It has also been shown to increase
bone volume and decrease MM tumour burden in a number of murine models of
MM (Vallet et al. 2010; Chantry et al. 2007). Furthermore, RAP-011 also
increased bone formation in macaques, demonstrating the capacity of this agent to
enhance bone formation in vivo (Lotinun et al. 2010). As a result of these studies, a
phase II trial of the humanized counterpart of RAP-011, ACE-011, in bis-
phosphonate naive MM patients with osteolytic lesions has been carried out, the
results show that the bone formation markers are increased while the bone
resorption markers are decreased in patients treated with the antagonist
(Abdulkadyrov et al. 2009).

4 Conclusions

Tumour burden and BD are inextricably linked in MM, understanding the biology
of MM BD and its roles in tumour growth and drug resistance is crucial for the
development of novel anti-myeloma strategies. Some of the current therapies, such
as N-BPs, IMiDs and bortezomib, have been shown being able to target both the
tumour and bone cells (e.g. osteoblast and osteoclast), and consequently reduce the
tumour burden and BD. Additionally, more novel bone-targeted agents, such as
BHQ880 (anti-DKK1), denosumab (anti-RANKL), ACE-011 (anti-activin A) and
LY2127399 (anti-BAFF) are under development, and will significantly improve
the care of MM patients in the future.
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Combinations of Bisphosphonates
and Classical Anticancer Drugs:
A Preclinical Perspective

Dr. Maria Michailidou and Dr. Ingunn Holen

Abstract

Bone metastases are frequent complications in advanced breast and prostate
cancer among others, resulting in increased risk of fractures, pain, hypercalca-
emia of malignancy and a reduction in patient independence and mobility.
Bisphosphonates (BPs) are in wide clinical use for the treatment of cancer-
induced bone disease associated with advanced cancer, due to their potent
ability to reduce skeletal-related events (SREs) and improve quality of life.
Despite the profound effect on bone health, the majority of clinical studies have
failed to demonstrate an overall survival benefit of BP therapy. There is
increasing preclinical evidence to suggest that inclusion of the most potent
nitrogen-containing BPs (NBPs) in combination therapy results in increased
antitumour effects and improved survival, but that the particular schedules used
are of key importance to achieve optimal benefit. Recent clinical data have
suggested that there may be effects of adjuvant NBP therapy on breast tumours
outside the skeleton. These findings have led to renewed interest in the use of
BPs in cancer therapy, in particular how they can be included as part of
adjuvant protocols. Here we review the key data reported from preclinical
model systems investigating the effects of combination therapy including BPs
with particular emphasis on breast and prostate cancer.
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1 Molecular Mechanism of Action of BPs

Metastatic bone disease is a frequent skeletal complication in advanced breast and
prostate cancer, as well as multiple myeloma. Bone metastases are associated with
skeletal-related events (e.g. pathological fractures, spinal cord compression,
hypercalcaemia, bone pain), leading to increased morbidity and mortality, and
with severe implications for the quality of life of patients. Current therapy includes
radiation therapy, surgery, chemotherapy, analgesics and anti-resorptive bisphos-
phonates. Bisphosphonates (BPs) are analogues of pyrophosphate with high
affinity in binding to hydroxyapatite bone mineral surfaces with a preference for
active metabolic sites of osteolysis (reviewed by Rogers et al. 2000). BPs are
potent inhibitors of osteoclastic bone resorption, a key process involved in the
formation of both lytic and blastic bone lesions associated with bone metastases
(Rogers 2003). Due to the high affinity to bone, the osteoclast is the main cell type
exposed to toxic doses of BPs through active resorption of bone. The molecular
mechanism of action of BPs is now well established; simple BPs (like clodronate)
act by incorporation into non-hydrolysable ATP analogues (Rogers et al. 1996),
whereas the more potent NBPs inhibit key enzymes in the mevalonate pathway
(Luckman et al. 1998). This pathway is responsible for cholesterol synthesis, and is
therefore essential for viability of all nucleated cells. In addition, many proteins
rely on this pathway for their post-translational modifications (prenylation), which
is essential for their correct intracellular localisation and function (Brown et al.
2009b). By targeting this basic biochemical pathway, NBPs therefore have the
potential to affect any cell type that takes up sufficient levels of the drugs,
including tumour cells. In particular, tumour cells within bone metastases may be
exposed to a ‘high-BP’ environment, resulting in reduced viability. However, there
is little direct evidence supporting that tumour cells take up BPs within the bone
microenvironment. BPs may also inhibit cancer cell growth indirectly, by reducing
the osteoclast-mediated release of tumour growth factors from bone matrix
(Rogers et al. 2000). Although outside the scope of this chapter, there is a large
body of evidence supporting that this is a key mechanism whereby tumour growth
in bone is modified by BP therapy (Clezardin et al. 2005; Fournier et al. 2010;
Russell 2007). BPs reduce bone pain, pathological fractures and hypercalcaemia
(Kohno 2008; Walkington and Coleman 2011) thus reducing skeletal-related
morbidity, but do not convey a substantial increase in survival. There is also
mounting experimental and clinical evidence showing that BPs can be used as
effective prevention and treatment strategy against bone metastases in adjuvant
therapy (reviewed by Coleman 2007). It is however important to bear in mind that
even when bone resorption is virtually completely shut down by BPs, tumour
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progression in bone is only delayed. This indicates that tumours do reach a point
when they become independent of bone growth factors/cytokines for their pro-
gression, and that targeting bone alone is not sufficient to eliminate tumour growth.
An increasing number of patients live for several years following the diagnosis of
bone metastasis, and this has led to a large body of research into the effects of BPs
on tumour development and progression. In the following sections, we review
some of the key studies investigating the potential antitumour effects of BPs, using
both in vitro and in vivo model systems.

2 BPs-Proposed Mechanisms Behind Their Potential
Antitumour Effects

2.1 In Vitro Models

A multitude of in vitro and in vivo studies have demonstrated that BPs induce
apoptotic cell death in a variety of cancer types, including breast (Senaratne
et al. 2002), prostate (Lee et al. 2001; Virtanen et al. 2002), myeloma (Shipman
et al. 1997), lung (Koshimune et al. 2007), osteosarcoma (Kubista et al. 2006)
and pancreatic cancer cell lines (Tassone et al. 2003; Märten et al. 2007).
In particular, zoledronic acid has been found to cause dose- and time-dependent
inhibition of various aspects of cellular function such as cell proliferation (Lee
et al. 2001; Ory et al. 2007), adhesion (van der Plujim et al. 2005) and invasion
(Boissier et al. 1997) into cellular matrix components (reviewed by Neville-
Webbe et al. 2002 and Clezardin 2011). Although only briefly mentioned here, a
large body of in vitro evidence supports that BPs may have direct antitumour
effects, but that high concentrations and repeated/prolonged treatment is required
to induce significant levels of tumour cell death. The clinical relevance of the in
vitro studies is therefore limited to demonstrating a proof of principle, i.e. the
fact that tumour cells could be negatively affected by BPs in vivo if they are
exposed to sufficient doses of the drugs. However, the high affinity of BPs to
bone and their short half-life in the circulation suggests that tumour cells may
not be exposed to sufficient concentrations of BPs to be directly affected during
standard clinical dosing.

2.2 In Vivo Models

Following on from the many reports of antitumour effects of BPs from in vitro
models, this was further explored using in vivo models of tumour growth in bone,
in particular focussing on zoledronic acid due to its widespread clinical application
in the treatment of cancer-induced bone disease (reviewed by Brown and Holen
2009a). Effects on tumour growth following both prevention protocols (BP
administered prior to tumour cell implantation) (Thudi et al. 2008; van der Pluijm
2005) and treatment protocols (Corey et al. 2003; Daubine et al. 2007) have been
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described. In summary, these studies have demonstrated that BP therapy leads to
good control of bone disease in both settings, but that prevention protocols result
in a better outcome compared to when treatment is commenced once tumour
growth is well established. By administering BPs at early stages of tumour
development in bone, cancer cells are targeted while they potentially still depend
on the bone microenvironment for their colonisation and expansion. Once bone
lesions develop, the disease is progressing fast and is less dependent on tumour-
derived factors due to the increased tumour capacity for autocrine growth. These
data suggest that the current clinical use of BPs in the treatment of established
metastatic disease with confirmed radiological bone lesions is perhaps not optimal,
and that earlier intervention may be required in order to improve patient outcome.
The main problem with this change in strategy would be how to determine which
patients are most at risk of developing bone metastases, as well as the diagnosis of
early progression in bone (before the appearance of overt lesions). Research to
identify reliable biomarkers for early detection of bone metastases is ongoing
(Coleman et al. 2008), and if successful will improve our ability to move meta-
static bone disease further into the realms of chronic diseases.

The in vivo studies confirmed the ability of BPs to inhibit the development of
bone lesions, but also demonstrated that this is at best causing a delay rather than
leading to complete prevention of skeletal tumour progression (reviewed by
Brown and Holen 2009a). This reflects the experiences from the clinical setting
where, although achieving good control of the bone disease, cancers do eventually
progress despite continued BP therapy (Walkington and Coleman 2011). It is
therefore clear that in order to eliminate tumour growth in bone, BPs must be used
in combination with agents that target the tumour cells directly.

3 BPs in Combination Therapy

After more than a decade of research dedicated to detailed genetic analysis of the
cancer cell, researchers are now turning their attention to elucidating the role of the
host microenvironment in tumour development and progression (Mbeunkui and
Johann 2009). Cells other than cancer cells are increasingly considered to be key
therapeutic targets, e.g. the cells of the tumour vasculature (Heath and Bicknell
2009). The potential for inhibiting tumour growth through modification of the host
microenvironment has long been recognised in the field of bone metastases, where
the standard therapy includes BPs that specifically target the normal cells
(osteoclasts) responsible for regulating bone turnover. Combining agents that
directly affect tumour cells (cytotoxic drugs, targeted biological agents) with drugs
that modify the tumour microenvironment (vasculature, immune system, bone) is
likely to be required for successful eradication of tumours. In the following sec-
tions, we will summarise some of the key studies from in vitro and in vivo model
systems that have provided support for a new role of NBPs as an integral part of
combination therapy.
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3.1 In Vitro Studies–The Foundation for BPs as Part
of Combination Therapy

3.1.1 BPs Alone
With the discovery that the mechanism of action of NBPs involves inhibition of key
enzymes in a basic metabolic pathway came the realisation that the effects of these
agents may not be limited to the osteoclast (Rogers et al. 1996). Any cell that is
exposed to and takes up sufficient levels of the drugs can in principle be initiated to
undergo apoptotic cell death. This led to studies where a range of cancer cell types
were treated with different NBPs for prolonged periods of time in culture, resulting
in inhibition of proliferation and increased levels of cell death (Lee et al. 2001;
Riebeling et al. 2002; Senaratne et al. 2002; Kuroda et al. 2004; Neville-Webbe et al.
2005; Kubista et al. 2006; Koshimune et al. 2007; Li et al. 2008). Although sup-
porting that NBPs have the potential for inducing tumour cell death, these studies
had several key limitations. The doses and exposure times used were often high and
prolonged (mM doses for several days), far exceeding the levels of BPs achieved in
the clinical situation in humans. If we take zoledronic acid as an example, this drug is
administered every 3–4 weeks at a standard 4 mg infusion for the treatment of
cancer-induced bone disease. The maximum level of circulating zoledronic acid is
between 1–2 lM for around 2 h, as the drug rapidly binds to bone and the excess is
excreted. The many in vitro reports of antitumour effects of BPs must be interpreted
in the context of what is clinically relevant or at least potentially achievable. There
are only a few reports of pulse treatment experiments, where cancer cells have been
exposed to BPs for short time periods, the drug removed and effects on apoptotic cell
death assessed at later time points. Using this approach, PC3 prostate cancer cells
were shown to undergo similar levels of apoptotic cell death following exposure to
25 lM zoledronic acid for 2 h as those obtained following 72 h exposure to 5 lM
(Clyburn et al. 2010). These data demonstrate that uptake of BPs by tumour cells can
be relatively rapid in vitro, and that prolonged exposure to the drugs is perhaps not
required for the initiation of cellular effects. It is therefore possible that the short
period of drug exposure following a clinical infusion of zoledronic acid may be
sufficient to affect tumour cells. However, the current standard of a single monthly
administration is unlikely to cause levels of tumour cell death that have a significant
impact on total tumour burden.

3.1.2 BPs as Part of Combination Treatment Regimens
Once it was established that BPs could affect tumour cells, Jagdev et al. carried out
a pioneering study combining zoledronic acid with the chemotherapy agent pac-
litaxel, in order to determine whether this would increase the level of breast cancer
cell apoptosis in vitro (Jagdev et al. 2001). MCF-7 breast cancer cells were
exposed to 10 lM zoledronic acid and 2 nM paclitaxel, alone and in combination,
and the level of apoptosis assessed at 72 h. There was a significant, synergistic
increase in the level of apoptotic cell death following exposure to a combination of
the two drugs, compared to that observed in cells treated with the single agents.
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This study was the first to demonstrate that breast cancer cell death may be
substantially increased by simultaneous administration of an anticancer agent and
an NBP. Perhaps it was time to reconsider the view that BPs only function in bone,
and only target the osteoclast? Could there be an increased benefit for patients by
combining these agents? Following on from this initial report, several studies
investigating the effects of combination therapy emerged, adding zoledronic acid
to standard chemotherapy agents in different tumour cell types in vitro (Yoneda
et al. 2000; Neville-Webbe et al. 2005 , 2006; Horie et al. 2007; Duivenvoorden
et al. 2007). A significant new development was provided by a study comparing
the antitumour effects of sequential drug administration to that of simultaneous
exposure to the agents (Neville-Webbe et al. 2005). Neville-Webbe and colleagues
clearly demonstrated that the order in which drugs are given has a major impact on
treatment activity, with exposure to chemotherapy prior to treatment with zoled-
ronic acid inducing the highest levels of breast cancer cell apoptosis compared to
the reverse sequence, the drugs combined, or the single agents. Clinically
achievable concentrations of the commonly used anthracyclin doxorubicin
(0.05 lM for 24 h) followed by zoledronic acid (1 lM for 1 h) induced high levels
of apoptosis both in MCF7 and MDA-MB-436 breast cancer cells, as well as in the
prostate cancer cell line PC3. The effect was sequence-specific, in all cases the
chemotherapy agent had to be given first to induce maximum levels of tumour cell
death. Similar experiments combining doxorubicin with the less potent agent
clodronate (simple BP) or alendronate (NBP) did not cause increased levels of
apoptosis, supporting that this is a property of the more potent agent zoledronic
acid. The synergistic increase in apoptosis was reversed by the addition of an
intermediary of the mevalonate pathway, demonstrating that apoptosis was med-
iated through the specific molecular mechanisms of action of zoledronic acid.
Intriguingly, the sequential treatment did not induce apoptosis of the non-malig-
nant 3T3 cell line, suggesting that the effect is somehow tumour cell specific.
Although unable to identify the precise molecular mechanisms responsible for the
sequence-specific effects of doxorubicin and zoledronic acid, this study did con-
vincingly demonstrate the importance of drug sequencing for optimising the
antitumour effects. This was further supported by a subsequent study by the same
team, this time using a sequence of paclitaxel followed by zoledronic acid in breast
cancer cells (Neville-Webbe et al. 2006). The earlier study by Jagdev explored the
effects of high doses of these two agents added simultaneously and exposing cells
for up to 72 h (Jagdev et al. 2001), conditions not achievable in the clinical setting.
As a result, it was crucial to study short-term effects of the treatments.
Neville-Webbe et al. exposed MCF7 cells to 2nM paclitaxel for 4 h followed by
25 lM zoledronic acid for a brief period of just 1 h, and compared this to the
reverse sequence, adding both agents at the same time, or giving the single agents
(Neville-Webbe et al. 2006). As was the case for doxorubicin, the highest levels
of tumour cell apoptosis at 72 h were induced when the cells were exposed to
paclitaxel prior to zoledronic acid. The non-malignant breast epithelial cell line
MCF10A was insensitive to the sequential treatment, again supporting a tumour
cell-specific effect. Comparing the effects in BRCA1+ (HCC1-BR116) and
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BRCA1- (HC1937) breast cancer cell lines, the highest levels of apoptotic cell
death were induced by sequential treatment with paclitaxel followed by zoledronic
acid in cells that carry BRCA1.

That the sequence of exposure is important for apoptotic cell death is further
supported by a recent study using prostate cancer cells (Clyburn et al. 2010). PC3,
DU145 and LNCaP cells were treated with 0.05 lM doxorubicin (24 h) and 5 lM
zoledronic acid (4 h) alone, in combination and in sequence, and the level of
apoptosis was measured at 72 h. As was seen for breast cancer cells, both hor-
mone-responsive and non-responsive prostate cancer cells were most sensitive to
sequential exposure to doxorubicin followed by zoledronic acid, compared to all
other treatments. The effect was attributed largely to zoledronic acid, as it could be
reversed by the addition of the mevalonate pathway intermediary GGOH.
Although doxorubicin is not commonly used in the treatment of prostate cancer,
this study is important as it demonstrates that the sequence-specific effects of
combination therapy with doxorubicin and zoledronic acid is not limited to breast
cancer cell lines. The potential for the inclusion of BPs in sequential treatment
schedules in advanced prostate cancer would require the expansion of these studies
to include chemotherapy agents currently used to treat this group of patients.

Although the reports discussed above have demonstrated that the highest levels
of tumour cell apoptosis are generated when the cells are exposed to the chemo-
therapy agent followed by zoledronic acid, simultaneous drug administration was
also found to be superior to single agent therapy in all cases. This is in agreement
with reports from studies combining docetaxel and zoledronic acid in prostate
cancer cells in vitro (Fabbri et al. 2008, Ullen et al. 2005). Ullen and colleagues
reported that combination treatment of two prostate cancer cell lines, PC3 and
DU145, with zoledronic acid and docetaxel, reduced cell viability compared to
single agent treatments (Ullen et al. 2005). However, there was a differential
response of these two cell lines, with combination treatment having a synergistic
interaction in DU145 cells, whereas increased cell death in PC3 cells was sug-
gested to result from increased sensitivity of the cell line to the BP. In a similar
study, the effects of sequential combination regimes were investigated by Fabbri
et al. (2008), who compared the effects of combination treatment with docetaxel
and zoledronic acid in the hormone-sensitive prostate cancer cell line LNCaP,
using two different sequential treatment schedules. In both cases, cells were
exposed to short-term simultaneous treatment with zoledronic acid and docetaxel
(1 h) followed or preceded by prolonged exposure to zoledronic acid (72, 96 and
120 h). It was reported that a priori treatment with the cytotoxic agent profoundly
affected cell viability in a synergistic manner, compared to the treatment regimen
where zoledronic acid was given first. Taken together, the data from the in vitro
models clearly show that combining BPs with anticancer agents results in a sig-
nificant increase in tumour cell death, although the precise mechanism of action
remains to be identified.
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3.2 In Vivo Studies–Further Evidence of Benefits of BPs
in Combination Therapy

As demonstrated in the in vitro studies summarised in the previous section,
addition of BPs to other anticancer agents results in increased antitumour effects.
There was thus a strong rationale for exploring the potential of the inclusion of
BPs into combination therapy using in vivo models. These focussed on elucidating
potential benefits of zoledronic acid in models of tumour growth in bone, as this is
the agent of choice in the clinical management of cancer-induced bone disease
(reviewed by Brown and Holen 2009a). There have also been reports of increased
antitumour effects following inclusion of zoledronic acid in the treatment of
tumours growing outside the skeleton (Giraudo et al. 2004; Ottewell et al. 2008b).
Key findings from both types of studies will be discussed in the following
sections.

4 Combination Therapy with BPs-Effects on Tumour
Growth in Bone

Most studies exploring whether the addition of BPs to chemotherapy results in
improved antitumour effects have been performed in breast cancer models, with a
limited number of reports using models of prostate cancer (Brubaker et al. 2006;
Kim et al. 2005) and small cell lung cancer (Matsumoto et al. 2005; Yano et al.
2003). Research on the antitumour activity of BPs in animal models of tumouri-
genesis and metastasis is reviewed by Clézardin et al. (2011). We will first turn our
attention to studies of how combination therapy impacts tumour growth in bone.

In one of the earliest reports in this field, Hiraga and colleagues aimed to
establish the effect of UFT (tegafur–uracil) in combination with zoledronic acid on
the development of bone metastases in the syngeneic 4T1/luc model (Hiraga et al.
2004). The murine breast cancer cell line 4T1/luc was injected in the mammary fat
pad of female BALB/c mice, resulting in dissemination of tumour cells to bone and
subsequent development of bone metastases. A single injection of zoledronic acid
(250 lg/kg, day 7) or oral administration of UFT (20 mg/kg/day, days 14–21)
resulted in a significant reduction in the area of bone metastases, and this was
further decreased following combination therapy. The therapeutic effect was found
to be site-specific, as the primary tumour burden in the mammary fat pad was not
affected, while tumour growth in bone was significantly decreased. The results
indicate that tumour cells in bone may be exposed to higher concentrations of BPs
compared to tumours at other sites, explaining why they are preferentially affected
by the treatment.

Whereas the initial in vivo effects were seen following high dosing of BPs to
obtain a therapeutic effect on bone metastases, more recent research has aimed to
determine whether clinically achievable BP schedules are effective. Using the
bone-specific B02 cell model, Ottewell and colleagues investigated whether the
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addition of a single dose of zoledronic acid (100 lg/kg, equivalent to the 4 mg
clinical dose) to weekly doxorubicin treatment (2 mg/kg) caused a reduction in
tumour burden compared to giving doxorubicin alone (Ottewell et al. 2008a).
Following i.v. injection of B02 cells in female BALB/c nu/nu mice, treatment was
initiated once tumour growth in bone was confirmed on day 18. Mice were
administered saline, doxorubicin (2 mg/kg), zoledronic acid (100 lg/kg), zoled-
ronic acid and doxorubicin simultaneously, or doxorubicin followed 24 h later by
zoledronic acid. A second administration of doxorubicin was given to the appro-
priate groups on day 25. The experiment was terminated on day 32, and bone
lesions as well as tumour volume, tumour cell proliferation and apoptosis were
assessed on histological sections. The area of lytic bone lesions was determined,
and bone structure/integrity assessed by CT analysis. As expected, zoledronic acid,
alone, in sequence or combination with doxorubicin, caused a significant reduction
in osteolytic lesions and increase bone volume. However, tumour volume was only
reduced in the group receiving doxorubicin followed by zoledronic acid, and only
the intra-osseous part of the tumour was affected by the treatment. This differential
therapeutic effect between the intra- and extra-osseous parts of the same tumour
was mirrored by the number of apoptotic and actively proliferating tumour cells in
the different regions of the tumour. Detailed analysis demonstrated that in the parts
of the tumour that had expanded outside the bone marrow, there was only a minor
increase in the number of apoptotic tumour cells caused by the sequential therapy,
and tumour cell proliferation was unaffected. These results support the hypothesis
that not only does tumour growth become independent of the bone microenvi-
ronment in the advanced stage, but also that distinct regions of the same tumour
respond differently to therapy, depending on the microenvironment. Despite this
complication, administration of a single dose of zoledronic acid in addition to
doxorubicin did result in improved bone quality, reduced expansion of lytic lesions
and decreased tumour burden compared to single agent therapy. It is possible that
early combination treatment, initiated before the tumours cause bone lesions, may
further increase the antitumour effect.

Another way to improve outcome is to administer repeated sequential treat-
ment, as was investigated in a second study by Ottewell et al. (2009). Using intra-
tibial implantation of MDA-MB-436 breast cancer cells that grow slowly in bone,
effects of a 6-week schedule of weekly doxorubicin (2 mg/kg) followed 24 h later
by zoledronic acid (100 lg/kg) on tumour growth and bone integrity were
determined. Bone tumours were isolated from each treatment group, allowing the
comparison of alterations in tumour gene expression caused by the different
schedules. Compared to the saline control, there was a moderate reduction in
tumour volume following 6 weeks of zoledronic acid, whereas doxorubicin had no
effect. In contrast, sequential administration of doxorubicin followed by zoledronic
acid resulted in decreased bone tumour burden, accompanied by activation of
intrinsic and extrinsic apoptotic pathways in the tumours. Decreased expression of
several cyclins and cyclin-dependent kinases regulating cell progression through
G1, G1/S, G2 and G2/M phases of the cell cycle were specifically detected. This
was the first report showing that in vivo administration of clinically achievable
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doses of doxorubicin followed by zoledronic acid caused schedule-specific inhi-
bition of breast tumour growth in bone. The reduction in bone tumour burden was
associated with a complex combination of induction of pro-apoptotic proteins and
suppression of proteins regulating cell cycle progression. Although this study
identified some of the molecular mechanisms mediating the anti-tumour effects of
combination therapy with doxorubicin and zoledronic acid, the reasons for the
sequence specificity remain to be established. Repeated sequential treatment did
reduce both tumour burden and bone disease in this model, but tumours were not
completely eliminated, suggesting that further optimisation of therapy (e.g. giving
several cycles of repeated sequential treatment) should be explored.

Studies of combination therapy for bone metastases are not limited to using
doxorubicin and zoledronic acid, but effects of other anticancer agents and dif-
ferent NBPs have also been investigated. Combining the antibiotic doxycycline
with zoledronic acid was tested in a model where intracardiac injection of MDA-
MB-231 human breast cancer cells in 5-week-old Balb/c nu/nu mice was used to
initiate tumour growth in bone (Duivenvoorden et al. 2007). Pellets releasing
doxycycline (*15 mg/kg/day) or placebo pellets were implanted s.c. 3 days prior
to tumour cell inoculation, and zoledronic acid treatment (0.2 ug/mouse every
2 days) commenced on the same day and continued until day 28. As expected,
there was a significant positive effect of zoledronic acid on bone density, whether
this was given as a single agent or combined with doxycycline. One of the
intriguing results from this study was that treatment with zoledronic acid alone
resulted in a 93% reduction of tumour area in soft tissue adjacent to the affected
bones, and in a 73% reduction in total tumour burden. The authors suggest that this
supports a direct effect of the drug on tumour cells outside the bone microenvi-
ronment. However, the report does not specify whether suppression of tumour
growth in bone was associated with a reduction in extra-osseous tumour growth in
these animals. An alternative explanation for these results could therefore be that
due to good tumour control in bone caused by zoledronic acid, there is less
expansion of tumour to extra-skeletal sites. Compared to the single agents, com-
bination therapy with doxycycline and zoledronic acid was superior, causing a
decrease in tumour burden in bone and surrounding soft tissues, as well as reduced
osteolysis. As a note of caution, treatment in the latter study was initiated prior to
tumour cell injection, potentially targeting the very early stages of tumour cell
colonisation in the bone. To strengthen the case for clinical relevance, the effects
of this regimen should also be investigated in a model where tumour growth is
established prior to the initiation of treatment.

Effects of combining docetaxel with risedronate on tumour growth in bone have
been investigated following direct intratibial implantation of MDA-MB-231-B/luc+

cells in female BALB/c nu/nu mice (van Beek et al. 2009). Treatment commenced
on day 2, and animals were administered risedronate (150 lg/kg, 5x/week),
docetaxel (2, 4, or 8 mg/kg, 2x/week) or a combination of docetaxel (4 mg/kg,
2x/week and risedronate (150 lg/kg, 5x/week) for a period of 5 weeks. In one set
of experiments, animals were administered saline, zoledronic acid (37.5, 75 or
150 lg/kg) or risedronate (150 lg/kg) both 5x/week for 5 weeks. Bone integrity
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and tumour burden were assessed at the end of the protocol. Both BPs prevented
tumour-induced bone destruction of the tibia, but did not affect tumour burden as
measured by bioluminescence. Histological analysis confirmed that administration
of BPs did not reduce tumour growth outside the bone marrow, in accordance with
the findings of Ottewell (Ottewell 2008a). Docetaxel was able to completely
suppress tumour growth at the highest dose tested (8 mg/kg), and a suboptimal
dose of 4 mg/kg was therefore used in the combination experiments with risedr-
onate. The combination therapy eliminated tumour growth and preserved bone in
6/7 animals, whereas docetaxel alone reduced tumour growth in 2/5 animals and
risedronate alone had no effect on tumour growth. These results suggest that by
combining risedronate and docetaxel, a lower dose of the chemotherapy agent is
needed to achieve an antitumour response as compared to single agent therapy.
As metastatic bone disease is increasingly considered to be a long-term chronic
condition, careful monitoring of the risk of future treatment-induced side effects
will become an integral part of clinical management. The opportunity to use low
doses of chemotherapy in combination with BPs may therefore be a new way to
manage patients with bone metastases, but this must be established in clinical
studies.

Although the majority of the studies of BPs in combination therapy have been
performed in breast cancer models, there are a limited number of reports from
other tumour types that frequently metastasise to bone. Effects of zoledronic acid,
paclitaxel and STI571 (Imatinib mesylate, Gleevec) have been investigated using a
prostate cancer model (Kim et al. 2005). PC-3MM2 prostate cancer cells were
implanted into the tibia of nude mice, leading to tumour growth in bone and the
development of lymph node metastases. Animals were treated three days after
implantation of PC-3MM2 cells for a total of 5 weeks with paclitaxel (8 mg/kg,
1x/week), STI571 (50 mg/kg, daily) and zoledronic acid (25 lg/kg, 2x/day), or
they received combinations of two or three of the drugs. Treatment with zoledronic
acid and/or paclitaxel did not decrease bone tumour burden or lymph node
metastases. STI571 administration resulted in a reduced incidence of bone and
lymph node tumors, and reduced tumour weight. The latter effect was also
observed after treatment with zoledronic acid, probably as a result of the very high
cumulative dose in this study (animals receiving the equivalent of the clinical
4 mg dose given every 2 days for 5 weeks). The combined administration of all
three agents was found to be most effective at reducing bone tumour burden,
tumour weight, inhibition of bone loss and also caused a significant decrease in
lymph node metastases. The anti-metastatic effects were associated with reduced
osteoclast activity, increased tumour cell apoptosis and a decrease in tumour cell
proliferation, suggesting that both direct and indirect (via bone) mechanisms were
involved. The data indicate that a treatment regimen designed to target different
stages of the heterogenic tumour growth and dissemination might be a possible
new therapeutic approach for prostate cancer patients with a high risk of tumour
spread to the bones. However, the effects of clinically achievable doses of
zoledronic acid as part of this schedule needs to be determined.

156 Dr. M. Michailidou and Dr. I. Holen



The potential benefits of combining zoledronic acid with docetaxel in prostate
cancer growth in bone have been explored in a model of using established, int-
ratibial LNCaP prostate cancer xenografts in male SCID mice (Brubaker et al.
2006). In this model, tumour growth is associated with significant new bone
growth and a periosteal reaction, mimicking the osteoblastic nature of prostate
cancer bone lesions. Animals were administered a 7-week schedule of zoledronic
acid (100ug/kg, 2x/week), docetaxel (20 mg/kg every 2 weeks) or a combination
of both drugs, and effects on bone and tumour growth were evaluated by histology
and measurement of bone mineral density. Compared to controls, tumour volume
and osteoclast numbers were reduced and bone volume increased in animals
receiving zoledronic acid, both alone and in combination with docetaxel. In
contrast, osteoblast numbers were unaffected by all treatments. Tumour burden as
assessed by the measurement of serum levels of prostate specific antigen (PSA)
revealed that only the combination of both drugs significantly reduced PSA levels.
However, when intra-osseous tumour volume was assessed by bone histomor-
phometry, zoledronic acid, given alone and in combination, induced a reduction in
tumour volume. This apparent discrepancy between the two different measure-
ments of tumour burden may be explained by the technical challenges associated
with measuring tumour volume in bone (3D) by the analysis of 2D histological
sections. In addition, tumour growth outside the bone marrow may have con-
tributed to PSA levels, but would not be captured if only intra-osseous tumour is
included in the histomorphometry analysis. The authors suggest that zoledronic
acid sensitizes prostate cancer cells to docetaxel, resulting in additive antitumour
effects of the two drugs. However, no direct evidence in support of this hypothesis
has been published so far, and alternative explanations for the increased antitu-
mour effect of combination therapy should be considered. It is possible that the
reduced tumour burden is a result of two independent effects, with zoledronic acid
reducing tumour growth by affecting bone (by inhibiting the release of tumour
growth factors), whereas docetaxel inhibits tumour cell proliferation (and indi-
rectly dampens cancer-induced bone disease). Regardless of the precise mecha-
nism, the data do support the potential for this combination to be tested in patients
with advanced prostate cancer.

Yano and colleagues have carried out a study investigating the effects of a BP in
combination with VP-16 on bone metastasis from lung cancer (Yano et al. 2003).
Human SCLC SBC-5 cells were injected intravenously in natural killer cell-
depleted SCID mice, resulting in bone and visceral metastases, including lung,
liver and kidney. The topoisomerase II inhibitor VP-16 (200 lg, days 2, 3, 9, 10),
the BP minodronate (0.2 lg on day 7), or a combination of the two drugs, were
administered for a total of up to 5 weeks. Minodronate treatment significantly
reduced tumour burden in bone, associated with a decrease in osteoclast numbers,
whereas visceral tumour burden was unaffected. In contrast, administration of
VP-16 resulted in a reduction of the number of metastases in lungs and liver, and
in a reduced number of metastatic foci in bone, but had no effect on tumour growth
in kidneys or lymph nodes. Combination treatment enhanced the anti-metastatic
effect in bone, accompanied by reduced osteoclast numbers and reduced lung and
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liver metastases (compared to control and single treatments), resulting in a sig-
nificantly improved survival. These data support the hypothesis that treatment with
a BP in combination with a classical anticancer drug does have the potential to
cause a significant reduction of tumour progression in bone; however, visceral
metastases that commonly are the most fatal, remain unaffected. This underscores
the importance of early intervention for the subsequent outcome of anti-cancer
therapy, because current treatment is very limited once tumour cells spread to
multiple organs.

4.1 Summary–Effects on Tumour Growth in Bone

The studies discussed above all support that there is added benefit by the inclusion
of BPs into modern treatment regimens of bone metastasis, regardless of cancer or
lesion type. The most potent BP in clinical use, zoledronic acid, offers the greatest
benefit, in line with its superior ability to inhibit osteoclast activity. By adding a
BP to anticancer therapy, there is a clear positive effect on bone integrity, the
number and progression of bone lesions are reduced and there is a significant
reduction of tumour growth within the bone marrow. However, several key
questions remains unanswered, e.g. whether BPs are taken up by the tumour cells
within bone metastatic foci, and, if so, whether the cells are directly modified by
the drugs. Alternatively, the effects of BPs may exclusively be mediated through
the inhibition of bone resorption. The studies described above were not designed to
distinguish between direct and indirect antitumour effects, and most investigators
would probably agree that both mechanisms contribute to the ability of BPs to
reduce tumour growth in bone. Despite many reports convincingly demonstrating
increased antitumour effects following combination therapy, tumour growth was
never entirely abolished in these models. Eventually, there is still the potential for
improving combination regimens, e.g. by including the latest biological anticancer
agents in addition to the standard chemotherapy drugs and antiresorptive agents.

5 Combination Therapy with BPs-Effects on Peripheral
Tumour Growth

Whereas there is a clear rationale for the combination of BPs and anticancer agents
in the treatment of bone metastases, their high affinity for bone and rapid clearance
from the circulation suggest that therapeutic doses of BPs are unlikely to be
achieved in peripheral tumours. There has long been the consensus that BPs would
have little or no effect on tumour growth outside the skeleton. However, a number
of published reports have shown that BPs, in particular zoledronic acid, can reduce
growth of peripheral tumours in models from a range of tumour types, including
non small cell lung cancer (NSCLC) (Li et al. 2008), small-cell lung cancer
(SCLC) (Matsumoto et al. 2005), cervical carcinoma (Giraudo et al. 2004), breast
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cancer (Hiraga et al. 2004; Michigami et al. 2002) and mesothelioma (Wakchoure
et al. 2006) Although frequently using high and repeated dosing of the BP, the data
suggest these drugs to have the capacity to modify tumour growth outside the
skeleton. It remains unclear whether this is caused by a direct uptake of the drug by
the tumour cells, or is mediated through effects in bone.

The suggested effect of BPs on peripheral tumours led Ottewell and col-
leagues to carry out a definitive study on the effects of clinically relevant doses
of zoledronic acid, alone or in combination with doxorubicin, on subcutaneous
tumor growth of MDA-MB-436 xenografts (Ottewell et al. 2008b). There is no
direct bone involvement in this model, and no evidence of tumour spread to the
skeleton from subcutaneous primary tumours. Cells were injected s.c. into female
MF1 nu/nu mice, and once tumours were palpable, animals were treated 1x/week
for 6 weeks with saline, doxorubicin (2 mg/kg), zoledronic acid (100 lg/kg),
zoledronic acid and doxorubicin together, doxorubicin followed 24 h later by
zoledronic acid, and the reverse sequence. No significant effect on tumour size
was seen in animals receiving single agent therapy compared to saline control,
whereas simultaneous drug administration resulted in approximately a 50%
reduction of tumour size when compared to tumours treated with doxorubicin
alone. Sequential treatment with doxorubicin followed by zoledronic acid caused
almost complete inhibition of tumour growth, but administration of the reverse
drug sequence had no effect. Detailed histological analysis of the tumours
revealed that treatment with doxorubicin followed by zoledronic acid, as well as
simultaneous drug treatment, caused increased levels of cancer cell apoptosis and
reduced proliferation, in agreement with the effects on tumour burden. In
comparison, single agent treatment and sequential administration of zoledronic
acid followed by doxorubicin had no effect. Pathway-specific gene array analysis
was performed to elucidate changes in gene expression induced by sequential
treatment. This showed that 30 genes involved in cell cycle regulation and
apoptosis were specifically changed by more than twofold in tumours from
animals receiving doxorubicin followed by zoledronic acid. The reduction of
tumour growth was also associated with a reduction in tumour vascularisation.
Taken together, the results in this study support the hypothesis that zoledronic
acid exhibits significant antitumour effects when given in combination with
doxorubicin, even in tumours located outside the bone. As seen in the models of
bone metastases (Ottewell et al. 2008b; Yano et al. 2003; Kim et al. 2005), the
effect was sequence-specific, with reversal of the drugs resulting in complete loss
of the effect. This particular result may provide some clues as to the mechanisms
involved. If BPs act by binding rapidly to bone and subsequently mediating an
effect on peripheral tumours, one would expect that the sequence of exposure
would be irrelevant. We know that BPs stay in the skeleton for prolonged
periods of time (years) and are able to suppress bone resorption for at least
several weeks. Could it be that the antitumour effect of zoledronic acid in this
model is independent of the inhibition of bone resorption? This possibility can
be investigated by adding another agent (e.g. high-dose clodronate) prior to the
administration of doxorubicin followed by zoledronic acid. This would ensure
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the suppression of osteoclastic bone resorption, and any antitumour effects of
subsequent treatment would therefore be independent of the anti-resorptive
actions of zoledronic acid. Still, the hypothesis that zoledronic acid acts on
peripheral tumours exclusively through the modification of bone cannot be
disproven. However, it is possible that at least some of the treatment effect is
caused by a reduction in the release of bone-derived factors into the circulation,
with subsequent effects in the tumour. But would this not happen regardless of
the order of drug administration? The reason for any sequence-specificity has to
be elucidated in future studies.

In a subsequent study, the same team investigated whether the antitumour effect
of sequential doxorubicin and zoledronic acid therapy persists once treatment is
withdrawn after 6 weeks (Ottewell et al. 2010). Using the same model as described
above, groups of animals with established subcutaneous tumours were divided into
5 different groups, receiving saline, 2 mg/kg doxorubicin, 100 lg/kg zoledronic
acid, and 2 groups receiving doxorubicin followed 24 h later by zoledronic acid
for either 6 weeks or weekly until the experiment was terminated (day 169). All
animals in the control or single treatment groups were sacrificed once tumour
volume reached a predefined threshold. In contrast, animals receiving sequential
therapy were not sacrified before the end of the study. Most important was the
finding that there was no tumour re-growth following the withdrawal of treatment,
and no significant difference was seen in residual tumour volume between the
group receiving continuous weekly treatment compared to those that had only
received a 6-week course. These data are very promising, demonstrating that once
tumour burden is reduced as a result of sequential therapy, there is no evidence for
a rebound of tumor growth.

5.1 Summary–Effects on Peripheral Tumour Growth

The breast cancer studies described above, although providing strong evidence for
a beneficial antitumour effect of BPs combined with chemotherapy on tumours
outside the skeleton, have so far not been confirmed in other cancer cell types. This
would be required in order to validate these data, and to convincingly demonstrate
that the effects are not particular to the cell lines or models used. As far as breast
cancer is concerned, sequential administration of clinically relevant doses of
doxorubicin followed by zoledronic acid reduces the growth of both early (just
palpable) as well as established subcutaneous tumours. Studies in neo-adjuvant
breast cancer have indicated that adding zoledronic acid following anthracycline
also adds on the clinical activity on the primary tumor, supporting a potential
antitumour effect of BPs outside the skeleton (Coleman et al. 2010; Winter et al.
2010 abstr).
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6 Sequential Combination Therapy with BPs
in the Clinical Setting

This chapter sumarizes our current knowledge obtained from preclinical studies of
BPs in combination therapy, and we will only briefly touch on their implications
for clinical cancer management. It is important to bear in mind that in clinical
studies, BPs are always added to any other appropriate treatment patients receive,
so all studies will in fact be combination studies, and single agent control groups
are most often not included. However, the frequency of BP administration (every
3–4 weeks for zoledronic acid) and the temporal separation from chemotherapy is
not optimized to mirror the specific schedules used in the in vivo models. Sepa-
rating treatments by 24 h was found to be particularly effective at inhibiting
tumour growth in the breast cancer models. However, such an approach requires
additional consultations with the oncologist, and therefore is considered rather
inconvenient. As a result, patients are currently likely to receive the zoledronic
acid infusion immediately following chemotherapy. However, two clinical studies
that have adapted the 24 h separation between chemotherapy and zoledronic acid
warrant our special attention.

The first of these is the ANZAC study, investigating AdditioN of Zoledronic
Acid to neo-adjuvant Combination chemotherapy (Winter et al. 2010 abstr.) A
total of 40 breast cancer patients (without evidence of bone metastases) were
randomised to receive zoledronic acid (4 mg i.v.) or not, 24 h after the first cycle
of FEC100 chemotherapy. Patients were stratified according to stage, ER and
HER2 status, menopausal status and time since diagnosis. All patients had a core
biopsy taken on day 5 (three days post zoledronic acid infusion), prior to the
second cycle of chemotherapy, an optional core biopsy on day 21 followed by
completion of neo-adjuvant chemotherapy and appropriate surgery. The primary
objective in ANZAC was to determine whether the addition of zoledronic acid to
neo-adjuvant chemotherapy causes an increase in the levels of tumour cell
apoptosis between the diagnostic and the 5-day core biopsy, compared to neo-
adjuvant chemotherapy alone. Whether the addition of zoledronic acid causes a
reduction in the levels of tumour cell proliferation between the preoperative core
biopsy, a day 5 interim biopsy (± day 21) and the tumour specimen at final surgery
will also be assessed. The data from this study are expected to be published in
2011, and will reveal whether the addition of a single administration of zoledronic
acid results in any increased effects on apoptosis and/or proliferation of cells in the
primary tumour as compared to the standard chemotherapy. The main difference
between ANZAC and the preclinical studies is that zoledronic acid is only added
to the first cycle of chemotherapy, whereas a 6-week schedule of weekly treatment
was used in the in vivo models that showed a reduction in peripheral tumour
growth (Ottewell et al. 2008b).

The concept of sequence specificity is supported by a recent report from a phase
I clinical trial in prostate cancer. The ZANTE study applied metronomic admin-
istration of Zoledronic acid ANd TaxoterE in 22 patients with castration-resistant
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prostate cancer who received either escalating doses of taxotere (day 1) followed
by 2 mg zoledronic acid (day 2), or the reverse schedule, every 2 weeks (Facchini
et al. 2010). The main objective of the study was to assess safety and tolerability,
but the authors also report that whereas 6/9 patients in the group receiving taxotere
prior to zoledronic acid achieved disease control, this was not observed in any of
the 11 patients who received the reverse sequence. Although the results of small
studies like this must be interpreted with caution, there is an indication that
the order in which the drugs are given may make a difference for the outcome.
These pilot data will need to be confirmed in a larger study powered to determine
whether there is a significant difference in anti-tumour effects depending on
the drug sequence. The ZANTE study has demonstrated that addition of zoledronic
acid on a separate day to the chemotherapeutic drug is acceptable for patients, and
that the combination with taxotere is well tolerated and safe, providing important
new information for the design of future clinical studies.

7 BPs in Combination Therapy–Effects on Normal Cells

In the clinical setting, cancer patients may receive a combination of different
therapies such as radiotherapy, chemotherapy, analgesics, bisphosphonates and
endocrine agents among others. As discussed in the previous sections, the anti-
tumour effects of BPs when added to chemotherapy have been comprehensively
investigated. Less is known about the effects of combining BPs with anticancer
agents on normal cells, as the majority of studies have focussed on therapeutic
effects in the tumour. One exception is the reported reduction in subcutaneous
breast tumour vascularisation following treatment with doxorubicin and zoledronic
acid, indicating an antiangiogenic effect of this combination (Ottewell et al.
2008b). In the following section, we discuss the published evidence relating to BP
combination therapy on cells of the normal vasculature, but it is important to bear
in mind that a range of other normal cell types may also be affected, including
macrophages, various bone marrow precursors and immune cells (reviewed by
Holen and Coleman 2010).

7.1 Antiangiogenic Effects of BPs as Single Agents

Over the past decade, there have been increasing efforts to target tumour angio-
genesis as a therapeutic approach against cancer (Heath and Bicknell 2009).
Positive outcomes following combination treatment with a BP and cytotoxic
agents at low doses suggested that this could be more effective than single agent
therapy, and potentially also cause fewer or milder side effects, which are normally
a result of the administration of high doses of a single agent. Could the combi-
nation of a BP with other anticancer agents have similar effects on the tumour
vasculature? In addition, as evidence of anti-tumour properties of combination
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treatment at clinically relevant concentrations accumulates, it is increasingly
important to establish whether these schedules are detrimental to normal tissues.

Antiangiogenic effects of zoledronic acid have been previously demonstrated,
through a reduction of angiogenic growth factor-induced vascularisation of normal
tissue or subcutaneous implants in animal models (Fournier et al. 2002; Wood
et al. 2002). Zoledronic acid has been shown to impede cell cycle progression
causing accumulation in the S-phase in human umbilical vein EC (HUVEC)
(Wood et al. 2002). This effect was associated with cyclin expression and
upregulation of cyclin-related kinase inhibitors and accompanied by inhibition of
HUVEC proliferation (Fournier et al. 2002; Wood et al. 2002) and induction of
apoptosis (Wood et al. 2002). Effective dosing ranges and incubation periods in
studies on HUVEC proliferation vary from 3–30 lM for 24 h (Wood et al. 2002)
to 100 lM for 48 h (Fournier et al. 2002). We found an inhibitory effect on human
dermal microvascular EC (HuDMEC) only at high concentrations (50 lM) and
after prolonged incubation times (24–72 h), which was accompanied by cell cycle
arrest at the S-phase after 48 and 72 h of treatment (Michailidou et al. 2010).
These data suggest that there is a dose range of zoledronic acid that does not cause
EC apoptosis but leads to cytostasis. An apoptosis-independent mechanism of
action of zoledronic acid has previously been reported in tumour cells (Ory et al.
2007) independently of p53 status (Kuroda et al. 2004). BPs also have an impact
on other normal cells in vitro, including fibroblasts (Walter et al. 2010). In a recent
study by Yamada et al., zoledronic acid inhibited differentiation of endothelial
progenitor cells derived from bone marrow at low doses, while induction of
apoptosis was observed at higher doses (Yamada et al. 2009). This was supported
by Ziebart et al. (2009), studying possible causes of BP-associated osteonecrosis of
the jaw, one of the reported side effects of potent BPs. The study showed sig-
nificant antiangiogenic effects of zoledronic acid, pamidronate, ibandronate
(NBPs) and clodronate (non-NBP) on endothelial progenitor cells and HUVEC
using a migration-, a 3D angiogenesis- and apoptosis assays (Ziebart et al. 2009).
Many of the differences in the effective doses of BPs are likely to be caused by
differences in the endocytic capacity of the cells used. Comparing uptake of
zoledronic acid by HUVEC and HuDMEC, we found that there were distinct
differences in the ability of cells to internalise the agent as measured by the
accumulation of the unprenylated form of the GTPase Rap1a (Michailidou et al.
2010). Although we cannot directly link any of the effects of zoledronic acid to
impaired prenylation of specific proteins, zoledronic acid affected Rap1a
prenylation at 50 lM in HuDMEC, whereas lower doses are sufficient to cause a
similar effect in tumour cells (Goffinet et al. 2006; Wakchure et al. 2006). In
addition, zoledronic acid monotherapy has recently been shown to reduce tumour
angiogenesis in a transgenic mouse mammary tumour model (Coscia et al. 2010).
The reduced tumour burden was associated with a decrease in macrophage infil-
tration as well as lowering of local levels of pro-angiogenic VEGF. There were no
obvious effects on vascularisation of normal tissues like kidney and colon in the
zoledronic acid treated animals. In the clinical setting, where adverse vascular
effects are a key concern, antiangiogenic effects of zoledronic acid have been
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reported in studies of patients with advanced cancer. The effect was identified as a
reduction in the levels of circulating angiogenic factors such as VEGF, PDGF
(Santini et al. 2003) and FGF (Zimering, 2002). No vascular side effects were
recorded in these studies, most likely due to specific targeting of rapidly growing
tumour vessels, leaving normal tissues with established vasculature unaffected.

7.2 Antiangiogenic Effects of BPs in Combination Therapy

Following on from studies showing increased antitumour effects caused by com-
binations of paclitaxel and zoledronic acid (Jagdev et al. 2001; Neville-Webbe
et al. 2006), we used in vitro and in vivo models to explore whether these two
agents would also modify the normal vasculature and hence potentially cause
adverse effects (Michailidou et al. 2010). As summarised above, there are several
reports demonstrating that BPs modify angiogenesis, whereas surprisingly few
studies have investigated the effects of paclitaxel on the vasculature. Paclitaxel is a
cytotoxic microtubule-interfering agent (Belotti et al. 1996), and has been reported
to induce apoptotic cell death in endothelial cells at doses lower than those
required to affect tumour cells via an apoptosis-independent mechanism (Pasquier
et al. 2004; Pasquier et al. 2005). High doses of paclitaxel have been shown to
have anti-angiogenic effects in vitro, compared to the clinically relevant concen-
trations (Bezzi et al. 2003; Pasquier et al. 2004, 2005). Our investigation, the first
to determine the combined effects of zoledronic acid and paclitaxel, showed
induced accumulation of endothelial cells in S phase and caused failure of their
ability to form tubules on Matrigel surfaces. In breast cancer cells, the highest
levels of apoptosis were induced when the cytotoxic agent preceded treatment with
zoledronic acid, whereas in EC, simultaneous treatment with both agents induced
the highest levels of apoptosis (Michailidou et al. 2010).

Zoledronic acid and paclitaxel disrupted basic cytoskeletal-related functions of
EC tubule formation when used as single agents, following 24 h of treatment,
however increased sensitivity was demonstrated following combination treatment.
Our data suggest that cytoskeletal-dependent processes of EC are primarily sen-
sitive to zoledronic acid with increased effects following the combination regimen
with paclitaxel, whereas viability-related processes such as apoptotic cell death,
cell cycle progression or proliferation were more resistant to treatments. These
data are in contrast to studies in breast cancer cells where sequential drug exposure
(zoledronic acid followed by paclitaxel) was the most effective schedule (Neville-
Webbe et al. 2006). The molecular mechanisms responsible for this differential
response remain to be identified, but may be linked to differences in metabolic
activity and uptake of the agents, as tumour cells are generally characterised by
rapid proliferation rates in contrast to relatively slowly propagating EC. Our study
on EC migration showed inhibitory effects only at high doses (100 lM) of
zoledronic acid, and it is unlikely that EC would be affected during standard
therapy. Paclitaxel, due to its microtubule blocking effect, is reported to cause

164 Dr. M. Michailidou and Dr. I. Holen



antimigratory effects of HUVEC at doses ranging between 10 pM (Belotti et al.
1996) and 0.1–10 nM (Grant et al. 2003; Hotchkiss et al. 2002).

Following in vitro studies that showed modulation of antiangiogenic effects on
normal microvascular EC, we determined the effects of combined treatment with
zoledronic acid and paclitaxel in vivo (Michailidou et al. 2010). For this, we used
the dorsal microcirculation chamber (DMC) model that allows assessment of the
acute treatment responses of the normal vasculature. In vivo studies of testoster-
one-induced angiogenesis in castrated rats have shown a 35% reduction in prostate
weight compared to control animals caused by inhibition of vascularisation of the
ventral prostate, following daily subcutaneous administration with 20 lg/kg of
zoledronic acid (Fournier et al. 2002). In an angiogenesis model using fibroblast
and vascular endothelial growth factor-induced vascularised implants, zoledronic
acid inhibited angiogenesis following daily subcutaneous administration of 10 and
100 lg/kg for 6 days (Wood et al. 2002). Although we used 100 lg/kg zoledronic
acid, which corresponds to the clinical monthly dose of 4 mg (Daubine et al.
2007), the treatment frequency is much more intensive and in agreement with our
in vitro data that suggest low sensitivity of EC to zoledronic acid (Michailidou
et al. 2010). Animals were treated with increasing doses of zoledronic acid
(50, 100 and 150 lg/kg, subcutaneously), or paclitaxel (10, 20 and 30 mg/kg,
intravenously). No detrimental effects were detected in arteries or venules, and
only minor transient decreases in arteriolar diameters were noted. In combination
experiments, where animals were administered 100 lg/kg of zoledronic acid fol-
lowed by 20 mg/kg paclitaxel, there were no significant effects on arteriolar or
venular diameters, and no treatment morbidity was detected. This lack of adverse
vascular effects was further supported by the histological assessment that showed
normal cell and tissue morphology and vascularisation in muscle, liver, brain,
spleen and lungs. Following this detailed investigation, there is no indication that
combined therapy with zoledronic acid and paclitaxel is associated with delete-
rious vascular side effects, precluding clinical testing of this schedule.

8 Conclusions

The preclinical evidence included in this review suggests that there is a strong
rationale for including bisphosphonates in combination therapy, in particular in the
advanced cancer setting. There is a clear benefit of BPs in a range of in vivo models
of cancer-induced bone disease, showing a decrease in tumour progression and
improved bone quality. Whether there could also be increased antitumour effects
following inclusion of BPs in the treatment of tumours that have spread to extra-
osseous sites remains to be confirmed in animal models other than breast cancer.
Importantly, the addition of BPs to other therapies is not associated with increased
adverse events, indicating that these schedules are well tolerated and would not
cause major complications for patients. Clinical studies are ongoing that will clarify
whether the positive indications from preclinical models are also valid in the clinic.
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Perspectives in the Elderly Patient:
Benefits and Limits
of Bisphosphonates and Denosumab

Daniele Santini, Maria Elisabetta Fratto and Matti Aapro

Abstract

Skeletal metastases affect a large percentage of the cancer population and
contribute to a marked decrease in their quality of life and survival, in particular
in elderly population. A future end-point of bone-protecting therapy is the
demonstration of its ability to prevent or improve results in the treatment of
metastatic disease, enlarging their clinical indications in metastatic and
osteoporotic setting with different schedules. In this chapter we will discuss
on pharmacokinetic and pharmacodynamic interactions of bisphosphonates in
elderly, and the preclinical and clinical evidences of anticancer activity of bone-
targeted therapies will be critically described. The clinical results of new
targeted therapies (such as rank/rankl/OPG inhibition) will be reported both in
bone metastatic and in adjuvant settings. Finally, the prevention of cancer
treatment-induced bone loss (CTIBL) represents both in young and more in old
patients an emerging issue in the bone health care. For this reason, this chapter
will discuss the results of current therapies in this clinical setting.
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1 Introduction

Skeletal metastases affect a large percentage of the cancer population and
contribute to a marked decrease in their quality of life and survival. Furthermore,
the median age of cancer patients is growing and the incidence of osteoporosis and
fractures parallels this fact. Osteoporosis is a common disease, that is inherently
related to age,but might also be treatment-related. The main consequence of
osteoporosis is an increased incidence of fractures. The increase of age-related
osteoporotic fractures associated with the increase of bone metastases-related
fractures results not only in an increase of morbidity, but also in a decrease of
survival and an increase of the consumption of health resources (Barkin et al.
2005). Impaired mobility and bone pain, and associated treatment may lead to
several complications, such as deep vein thrombosis, pulmonary embolism and
pneumonia, constipation. Bone metastases cause considerable morbidity, including
pain, impaired mobility, hypercalcemia, pathologic fractures, spinal cord or nerve
root compression and bone marrow infiltration (Coleman 1997). All these clinical
conditions increase the incidence of Skeletal-Related Events (SREs), which are
defined for study purposes as bone pain, fractures, radiation to bone, surgery to
bone (including cementoplasty) and spinal cord compression with consequent
impairment of quality of life and a decrease of overall survival as shown by Saad
et al. (2007) in patients with multiple myeloma and patients with bone metastases
from breast and prostate cancer, both in young and elderly patients. For all these
reasons, preserving bone health in the elderly cancer patient by e.g. treatment with
bone-protecting agents may provide meaningful quality of life benefits and
may avoid SRE and possibly improve overall survival (OS) of these patients.
In addition to the prevention of SREs, emerging evidence suggests that the new-
generation bisphosphonates may also provide additional benefits including delayed
disease progression in bone and a potential increase in survival through a direct
and indirect antitumor activity (Saad 2008). For these considerations, a future end-
point of bone-protecting therapy is to demonstrate the ability to prevent or improve
results in the treatment of metastatic disease, extending their clinical indications in
the metastatic and osteoporotic setting.
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2 Bisphosphonates and Safety Profile: Pharmacokinetic
and Pharmacodynamic Interactions

Although the benefits of bisphosphonates are well documented in elderly patients
with osteoporosis, no randomized trials have been conducted specifically in elderly
patients with metastatic bone disease (MBD) to date (Gridelli 2007). Without these
data, it is not possible to predict the exact effects of bisphosphonates in this
population in terms of efficacy, safety and potential impact on clinical outcome.
A single-institution report has demonstrated the efficacy of zoledronic acid on pain
and quality of life in elderly patients with bone metastases from solid tumors
(Addeo et al. 2008). A retrospective study has suggested that multiple myeloma
patients are more likely to experience renal impairment with zoledronic acid than
with ibandronate (Weide et al. 2010). For these reasons, age-related conditions and
co-morbidities must be taken into consideration before using bisphosphonates to
treat bone metastases in elderly cancer patients. Even if there is no evidence for the
pharmacokinetics and pharmacodynamics of bisphosphonates to be markedly
different in elderly patients with normal renal function, the use of bisphosphonates
to prevent SREs warrants special consideration in the elderly patient, due to a
physiologic decline of organ function and co-morbidities that require the use of
several concomitant drugs (Pillai et al. 2006). Elderly patients may have impaired
renal function or renal insufficiency as a result of age-related kidney function
decline. Furthermore, they may have underlying renal impairment related to their
disease (especially in case of multiple myeloma) (Goldschmidt et al. 2000).
Concomitant medications for the treatment of the primary cancer (Patterson and
Reams 1992) may also be nephrotoxic (Tanvetyanon and Stiff 2006). Moreover,
elderly patients are at higher risk to develop renal impairment due to reduced
hydration, overuse of non-steroidal anti-inflammatory drugs for analgesic purposes
and concomitant treatment with antihypertensive, anti-diabetic drugs and lipid-
lowering agents. For all these reasons, elderly patients may be at a higher risk for
renal toxicity. To prevent renal toxicity, the International Society for Geriatric
Oncology (SIOG), in its clinical practice recommendations for the use of bis-
phosphonates in elderly patients, strongly recommends the assessment and opti-
mization of hydration status and monitoring of creatinine clearance in elderly
cancer patients before each bisphosphonate administration (Body et al. 2007).
In non-metastatic patients, the use of zoledronic acid is an attractive perspective to
prevent fractures in the elderly, due to the often low adherence to oral osteoporosis
medications. A recent trial (HORIZON) has demonstrated the efficacy and safety
of once-yearly intravenous zoledronic acid 5 mg in elderly postmenopausal
women with osteoporosis age 75 or older. At 3 years, the incidence of vertebral
and nonvertebral fractures was significantly lower in the zoledronic acid group
than in the placebo group. The incidence of adverse events was higher with
zoledronic acid, although the rate of serious adverse events and deaths was
comparable between the two groups (Boonen et al. 2010).
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3 Preclinical Data on the Antitumoral Efficacy
of Bisphosphonates to Prevent Bone Metastases

Bisphosphonates are inhibitors of osteoclast-mediated bone resorption and have
shown clinical utility in the treatment of disease metastatic to the bones (Santini
et al. 2006). There is increasing in vivo preclinical evidence that bisphosphonates
can reduce skeletal tumor burden and inhibit the formation of bone metastases in
animal models (Clézardin et al. 2005). In fact, bisphosphonates may render the
bone a less favorable microenvironment for tumor cell colonization by reducing
osteoclast-mediated bone resorption which, in turn, would deprive tumor cells of
bone-derived growth factors released from the bone matrix (Santini et al. 2003).
In addition, bisphosphonates appear to have direct antitumor effects, shown both in
vitro and in animal models. In fact recent trials have demonstrated that bisphos-
phonates inhibit tumor cell adhesion, invasion, proliferation and induce apoptosis
in several human tumor cell lines in vitro (Santini et al. 2007). Bisphosphonates
have also demonstrated indirect antitumor effects targeting the tumor-
stroma-lymphocyte cross-talk. In particular, several in vitro and in vivo data have
shown that bisphosphonates have effects on angiogenesis and on the stimulation of
gamma/delta T lymphocytes (Caraglia et al. 2006). It has been debated that the
experimental conditions used to study the efficacy of bisphosphonates in tumor-
bearing animals are different from the conditions in patients with bone metastases.
Indeed, bisphosphonate doses employed in animal studies to demonstrate antitu-
mor effects are 10–40 times higher than the dosing regimens that have been
approved for the treatment of cancer patients with skeletal metastases. Recently,
Daubinè et al. used a mouse model of human breast cancer with bone metastasis to
examine the effects of different dosing regimens of two bisphosphonates, zoled-
ronic acid and clodronate, on osteolysis and skeletal tumor growth. They dem-
onstrated that clinically relevant doses of bisphosphonates produced meaningful
antitumor effects, in terms of tumor reduction and prevention (Daubiné et al.
2007). All these findings represent the base to translate preclinical studies to
clinical trials of bisphosphonates in the prevention of bone metastases.

4 The Evolving Role of Zoledronic Acid in Reducing the Risk
of Breast Cancer Recurrence in Elderly Patients

A large number of studies (Diel et al. 1998; Powles et al. 2006; Saarto et al. 2006;
Jaschke et al. 2004; Ha and Li 2007) suggest that both oral and intravenous bisphos-
phonates may reduce breast cancer recurrence and may also reduce locoregional
recurrence (Eidtmann et al. 2008; Aapro 2006). Clinical trials with clodronate, an
orally administered non-nitrogen bisphosphonate, as adjuvant treatment for breast
cancer strongly suggested a potential role of clodronate in the prevention of bone
metastasis. Specifically, Diel et al. randomized 302 patients with primary breast cancer
and tumor cells in the bone marrow (BM) to receive clodronate (1600 mg/day for two
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years) or standard follow-up. They demonstrated that clodronate can reduce the
incidence and number of new bone and visceral metastases in these women with breast
cancer who were at high risk for distant metastases (Diel et al. 1998). Similarly, Powles
et al. showed that clodronate (1,600 mg/day) is effective to prevent bone metastases in
patients with early breast cancer (Powles et al. 2006). On the contrary, Saarto et al.
showed that clodronate had no effect on OS, initially reporting a reduction in disease-
free survival and an increase in extra-skeletal metastases with clodronate. However, a
marked imbalance in patient characteristics between the two groups weakens the
findings of that particular study (Saarto et al. 2006). Jaschke et al. also demonstrated a
significant reduction of bone metastases in breast cancer patients with micrometastases
to the BM when treated with oral clodronate versus placebo after 3 years median
follow-up (Jaschke et al. 2004). Recently, a meta-analysis did not find a statistically
significant survival benefit in patients receiving adjuvant clodronate therapy.
Furthermore, no differences were found in the elderly subgroup population (Ha and Li
2007). Accordingly, oral clodronate was not registered as adjuvant treatment in
patients with early breast cancer, still bisphosphonates may play a role in preventing
bone metastases when using optimized treatment schedules or the more potent nitro-
gen-containing bisphosphonates. These data however led to the development of the
ongoing NSABP-B-34 placebo-controlled phase III trial that will recruit 4200 patients
with Stage I/II breast cancer. Patients are randomized to receive standard treatment
(chemotherapy, hormonal therapy, both, or neither) plus clodronate (1600 mg/day) for
three years versus standard therapy alone. Patients are stratified by age (under 50 vs. 50
and over), number of positive lymph nodes (0 vs. 1–3 vs. 4 or more), and hormone
receptor status (estrogen receptor and progesterone receptor negative vs. positive).
The primary end-point of this study is to evaluate if daily clodronate is effective in
preventing bone metastases, comparing time to bone and distant metastasis in the two
arms. Time to first SREs and OS will be evaluated as secondary end-points.

Although the mechanism of zoledronic acid-mediated inhibition of Cancer
Treatment Induced Bone Loss (CTIBL) depends on the inhibition of osteoclast-
mediated bone resorption, the mechanisms underlying the significant improvements
in disease-free survival observed in some patients with early breast cancer are likely
to be multifactorial. Several large, randomized, multicenter trials have evaluated
whether upfront or delayed zoledronic acid therapy can decrease BMD loss in
postmenopausal breast cancer patients undergoing treatment with aromatase inhib-
itors. These trials are Z-FAST, with 602 patients enrolled, ZO-FAST, with 1066
patients enrolled and E-ZO-FAST, with 527 patients enrolled (Gnant et al. 2009a).
The primary objective of these studies was to compare the change in lumbar spine
BMD. Secondary objectives include disease recurrence rate and time to disease
recurrence. Patients had a median age of 58 years. Even if further follow up is
needed, promising results seem to indicate that zoledronic acid can reduce disease
recurrence. In fact, the 36-months analysis of ZO-FAST has demonstrated that
upfront zoledronic acid reduces the risk of disease recurrence at local and distant sites
by 45%, with 2 versus 10 local recurrences and 20 versus 30 distant recurrences
(Eidtmann et al. 2010). The 48-months follow-up analysis of the ZO-FAST study
produced some exciting data on disease-free survival, with 29 events in the upfront
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group versus 49 events in the delayed group (p = 0.018). (Coleman et al. 2009).
In ABCSG-12, patients receiving endocrine therapy plus zoledronic acid experi-
enced fewer disease events (disease recurrence or death) than those receiving
endocrine therapy alone. In this setting, zoledronic acid not only reduced the number
of patients with bone metastases, but also reduced distant recurrence, locoregional
recurrence and contralateral breast cancer (Gnant et al. 2009b). This evidence sug-
gests that zoledronic acid may improve disease-free survival by exerting antitumor
effects both in and outside the bones. Although these data are not specific to the
elderly population, there is no reason to believe that the same proportional risk
reduction would not be observed in patients above the age of 70.

5 Bisphosphonates and the Risk of Postmenopausal
Breast Cancer

Recently, the association between oral bisphosphonate use and invasive breast cancer
was examined in postmenopausal women enrolled into the Women’s Health Initiative
(WHI). Of the 154,768 participants, 2,816 were oral bisphosphonate users at entry.
Patients between 50 and 80 years of age were enrolled. After a mean follow-up time
of 7.8 years, invasive breast cancer incidence was lower in bisphosphonate users
(P \ 0 .01), as was the incidence of estrogen receptor (ER)–positive invasive cancers
(P = 0.02). A similar but not significant trend was seen for ER-negative-invasive
cancers (Chlebowski et al. 2010). Another trial has evaluated the correlation between
bisphosphonates and the risk of postmenopausal breast cancer. More specifically, the
use of bisphosphonates was assessed in 4,039 postmenopausal patients (median age:
63,6 years) and controls (median age: 65,6 years). The use of bisphosphonates for
more than 1 year was associated with a significantly reduced relative risk of breast
cancer (28% reduced risk). Breast tumors identified in bisphosphonates users were
more often ER-positive and less often poorly differentiated (Rennert et al. 2010).
The results suggest that bisphosphonate therapy is associated with a reduced risk of
developing breast cancer in elderly patients. Moreover, bisphosphonates may favor-
ably influence the risk profile of incident breast cancer.

6 Prospective Trials of Zoledronic Acid
in the Adjuvant Setting

Prospective studies have been designed and are ongoing with the aim to evaluate
the role of zoledronic acid and other bisphosphonates as adjuvant therapy in
different tumors. The AZURE study (Zoledronic Acid for the Prevention of Bone
Metastases in Breast Cancer) was designed for patients with stage II/III breast
cancer (3,360 patients). The primary endpoint was disease-free survival. Time to
bone and distant metastasis, SREs and OS were also evaluated as secondary end-
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points. Patients have been stratified according to lymph node status (N+/N-),
tumor stage, estrogen receptor status, adjuvant systemic therapy and pre-/post-
menopausal status. Patients were randomized to receive standard chemotherapy
plus zoledronic acid versus standard chemotherapy alone. The investigators first
reported on the neo-adjuvant treatment results. The mean residual invasive tumor
size in the chemotherapy versus the chemotherapy plus zoledronic acid group was
27.4 and 15.5 mm, respectively, a difference that was statistically significant
(P = 0.006). The pathological complete response rate was 6.9% in the chemo-
therapy group and 11.7% in the chemotherapy plus zoledronic acid group
(P = 0.15). There was no difference in axillary nodal involvement (P = 0.63).
These data suggest a potential direct anti-tumor effect of zoledronic acid in
combination with chemotherapy, with the need to perform validating prospective
studies (Coleman et al. 2010). At SISABCS 2010, Coleman et al. presented the
results of the AZURE study. Patient characteristics including stage, number of
positive axillary nodes, chemotherapy type, ER status, menopausal status and
concomitant use of statins were well balanced. 3208 patients (96%) received (neo)
adjuvant chemotherapy (93% anthracyclines, 23% taxanes), while 152 patients
received endocrine treatment only. In the zoledronic acid arm, 752 patients were
premenopausal, 244 patients were postmenopausal for \5 years, 519 patients were
postmenopausal for [5 years. In the control arm, 751 patients were premeno-
pausal, 247 patients were postmenopausal for \5 years, 519 patients were post-
menopausal for [5 years. As of October 2010, with a median follow up of
59 months, there have been 752 DFS events (ZOL 377; control 375; p = 0.79).
A subgroup analysis of premenopausal, ER? patients (n = 1185) gave no indi-
cation of any benefit from adding zoledronic acid. However, a highly significant
heterogeneity was found for the effect of zoledronic acid by menopausal status (the
analysis for the treatment effect in postmenopausal patients was a preplanned
analysis and the study was powered for this aim). Actually, the addition of
zoledronic acid improved DFS (p = 0,001) and OS (p = 0.017) in women post-
menopausal for [5 years or [60 years of age (Coleman RE et al. [S4-5] Adjuvant
Treatment with Zoledronic Acid in Stage II/III Breast Cancer. The AZURE Trial
(BIG 01/04). Presented at: SABCS 2010). These data suggest some benefit of
adding zoledronic acid to standard adjuvant treatment, at least in postmenopausal
patients with early breast cancer.

To further address whether the use of bisphosphonates in the adjuvant setting of
breast cancer might have any effect on the natural course of the disease in more
general terms, a meta-analysis has been conducted including published and
unpublished randomized controlled trials. The analysis included data from 13
eligible trials involving 6886 patients randomized to treatment with bisphospho-
nates (n = 3414) or either placebo or no treatment (n = 3472). The addition of
bisphosphonates to standard adjuvant breast cancer treatment did not reduce the
overall number of deaths (P = 0.079), bone metastases (P = 0.413), overall dis-
ease recurrences (P = 0.321), distant relapse (P = 0.453), visceral recurrences
(P = 0.820), or local relapses (P = 0.756). However, subgroup analyses showed
that already at that time, the use of zoledronic acid was associated with

Perspectives in the Elderly Patient 177



asignificantly lower risk for disease recurrence (P = 0.025). The use of zoledronic
acid was not associated with any significant difference in death (P = 0.085) and
the occurrence of bone metastases (Mauri et al. 2010).

7 Ongoing Adjuvant Phase III Trials

S0307 is a joint SWOG/Intergroup/NSABP trial of 6000 stage I–III breast cancer
patients randomized to receive one of three different bisphosphonates in addition to
standard systemic therapy. Patients receive either oral clodronate 1600 mg daily for
3 years (n = 2000), oral ibandronate 50 mg daily (n = 2000) for 3 years, or i.v.
zoledronic acid 4 mg monthly for the first 6 months and every 3 months for 2.5 years
(n = 2000). The primary endpoint for the trial is disease-free survival. Secondary
endpoints include OS, distribution of sites of first recurrence, adverse events and
serum/tumor markers as predictors for disease recurrence in the bone. Safety assess-
ments include monitoring for ONJ and renal function. Recruitment started in 2005, and
the trial is now closed for accrual and awaiting publication of results.

The German trial SUCCESS (primary end point disease-free survival) has
completed the enrolment of 3700 early high risk breast cancer patients, receiving
zoledronic acid therapy for 2 or 5 years following adjuvant chemotherapy. Also in
Germany, a recently closed phase III clinical trial (ICE Trial) has evaluated the
effects of adjuvant treatment with ibandronate with or without capecitabine in
elderly patients ([64 years of age) with early breast cancer. Patients have been
stratified according to: lymph node status (N+/N-), estrogen receptor status and
adjuvant systemic therapy. 1400 patients will be accrued. The primary endpoint of
this study is event-free survival (EFS).

Regarding prostate cancer patients, Mason et al. showed that adjuvant clodro-
nate did not improve bone-metastasis free survival and OS when compared with
placebo. Overall, median patient age was 70 years (49–85). The authors concluded
that adjuvant clodronate does not modify the natural history of non-metastatic
prostate cancer (median follow-up time 10 years) (Mason et al. 2007). The
EAU-ZEUS study was designed to evaluate if the early administration of zoled-
ronic acid in high risk patients (Gleason score [8 and/or presence of positive
lymph nodes and/or PSA [20 at diagnosis) can prevent or delay the appearance of
bone metastases. 1420 patients have been accrued, and the key endpoints of the
study are time to bone metastases, OS, PSA doubling time and sub-studies on bone
markers. Patients have been randomized to receive i.v. zoledronic acid 4 mg every
3 months for 48 months compared with a control group (no zoledronic acid
treatment). The RADAR trial also included high risk prostate cancer patients
(pT2b-4 or pT2a with Gleason score C7 and PSA C10). It was designed to
evaluate if 18 months of androgen deprivation therapy in conjunction with
radiotherapy is superior to 6 months androgen deprivation therapy prior to and
during radiotherapy, and if 18 months of zoledronic acid therapy is effective to
prevent bone loss caused by androgen deprivation therapy and reduce the risk of
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bone metastases. The recruitment has been completed with 1300 patients. In the
active comparator arm, patients will receive LH-RH analogs for 5 months prior to
and during the first month of radiotherapy (for a total of 6 months) with or without
zoledronic acid. In the two experimental arms, patients will receive LH-RH analog
for 18 months with or without zoledronic acid. The main endpoints are PSA
relapse-free survival, changes in osteoporotic fractures, loss of BMD, treatment-
related toxicity, quality of life, progression-free survival and OS. Two interim
analyses will be performed five and ten years after the recruitment of the last
patient. The 2419 trial was designed to evaluate zoledronic acid treatment in the
prevention or delay of bone metastasis in Non-Small-Cell Lung Cancer (NSCLC)
patients. The key endpoints to be evaluated will be time to bone metastases, rate of
bone metastasis at 6, 12, 18 and 24 months, number of SREs and OS. This study
will recruit 446 patients with stage IIIa or IIIb NSCLC. The inclusion criteria are
patients who have completed primary treatment, no progression after primary
treatment, no more than 8 months from diagnosis to randomization. Patients are
randomized to zoledronic acid 4 mg every 3–4 weeks vs. no zoledronic acid, with
all patients receiving 500 mg calcium and 400–500 UI of vitamin D per day.
Treatment duration was established at 24 months from study entry. The results of
these ongoing trials on the impact of bisphosphonates will be of high interest in
defining the clinical benefit and role of bisphosphonates as adjuvant therapy in
tumor patients. Table 1 summarizes the ongoing prospective adjuvant trials of
bisphosphonates in preventing bone metastases in cancer patients.

8 Denosumab in the Elderly: Efficacy in Metastatic
Disease and New Perspectives in the Adjuvant Setting

Receptor Activator of nuclear Factor-kB Ligand (RANKL), the Receptor Activator
of Nuclear Factor-kB (RANK) and the decoy receptor Osteoprotegerin (OPG) are
members of the TNF and TNF receptor superfamily able to induce proliferation,
differentiation, activation and apoptosis of osteoclasts. Bone remodeling is med-
iated by the interaction between RANKL expressed on the osteoclasts, RANK
expressed on the osteoclast surface and OPG, the decoy receptor for RANKL that
prevents osteoclast activation. The RANK/RANKL/OPG pathway displays a key
role in the growth of bone metastases: RANKL activates osteoclast-mediated bone
resorption with a consequent release of matrix growth factors. The release of these
factors can further induce the growth of tumor cells, establishing a positive
feedback mechanism. There is increasing evidence for a direct role of the RANK/
RANKL interaction in the development of bone metastases (Guise 2000).

Denosumab (AMG 162), a fully humanized IgG2 antibody, was developed to treat
patients with skeletal pathologies mediated by osteoclasts, such as bone metastasis,
multiple myeloma and CTIBL. On the basis of preclinical data, many clinical trials
were conducted to investigate denosumab in metastatic bone disease. Recently, the
results of a large clinical trial comparing denosumab versus zoledronic acid in breast
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cancer have been published. The study demonstrated that denosumab was superior to
zoledronic acid and reduced the risk of a first on-study SRE by 18% (HR: 0.82, 95%
CI:0.71, 0.95; P value was less than 0.0001 for non-inferiority and equal to 0.01 for
superiority) and of first and subsequent SRE by 23% on multiple event analysis (HR:
0.77; 95% CI: 0.66, 0.89; P = 0.001) (Stopeck et al. 2010). At ASCO 2010, the
results of the non-inferiority trial evaluating denosumab versus zoledronic acid in
bone metastases from advanced cancer or multiple myeloma were presented. The
time to first SRE or hypercalcemia of malignancy was significantly longer in the
denosumab group (HR: 0.83 [95% CI: 0.71, 0.97], p = 0.02) as was time to first
radiation to bone (HR: 0.78; 95% CI: 0.63, 0.97, p = 0.03). In the subgroup analysis
of patients with multiple myeloma (10% of patients), mortality was higher for
patients treated with denosumab compared with those treated with zoledronic acid.
However, the limited number of patients in this subgroup precludes definite con-
clusions (Vadhan-Raj et al. 2010), and a prospective trial in multiple myeloma
patients is ongoing. At ASCO 2010, the non-inferiority study evaluating denosumab
compared with ZA for the treatment of bone metastases in patients with castration-
resistant prostate cancer was presented. Denosumab significantly delayed the time to
first on-study SRE compared to zoledronic acid, (HR: 0.82; 95% CI: 0.71, 0.95;
p = 0.008). The median time to first on-study SRE was 20.7 months in patients
receiving denosumab vs. 17.1 months in patients receiving zoledronic acid. Deno-
sumab also significantly delayed the time to first and subsequent on-study SRE
(multiple event analysis) (HR: 0.82; 95% CI: 0.71, 0.94; p = 0.004) (Fizazi et al.
2010). In view of these data, approval of denosumab 120 mg s.c. once a month for
the prevention of skeletal-related events in patients with bone metastases from solid
tumors was granted by the FDA in 2010, excluding patients with multiple myeloma.

There is also some information with regards to denosumab and CTIBL. In the
pivotal trial of 7868 women between 60 and 90 years of age with osteoporosis,
the incidence of vertebral fractures (2.3 vs. 7.2%; p: 0.001), nonvertebral fractures
(6.5 vs. 8.0%; p: 0.01) and hip fractures (0.7 vs. 1.2%; p: 0.04) all were signifi-
cantly reduced in the denosumab compared to the placebo group (Cummings et al.
2009). In a recent randomized phase III placebo-controlled trial of patients with
ER-positive non-metastatic breast cancer and low bone mass who were on adju-
vant aromatase inhibitor (AI) treatment, denosumab demonstrated significant
activity in preventing AI-associated bone loss. In fact, denosumab resulted in a
significant and rapid increase in lumbar spine BMD both at 12 months (5.5%; p:
0.0001) and 24 months (7.6%; p: 0.0001). In subgroup analyses at 12 and
14 months, denosumab therapy was associated with larger gains in BMD com-
pared to placebo across multiple skeletal sites, regardless of age, body mass index,
time since menopause, duration or type of AI treatment or baseline T-score (Ellis
et al. 2009). Ongoing phase III trials are examining this novel agent for the
management of bone loss in patients receiving AI treatment for breast cancer,
among others in Austria (ABCSG-18) (National Institutes of Health 2010).

A recent trial evaluated patients with prostate cancer and CTIBL receiving
denosumab every 6 months or placebo. Mean patient age in this study was 75 years,
and 83% of patients were 70 years of age or older. At 24 months, bone mineral
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density of the lumbar spine had increased by 5.6% in the denosumab group as
compared with a loss of 1.0% in the placebo group (P\ 0.001). Administration of
denosumab was also associated with a significant increase of BMD at the total hip,
femoral neck and distal third of the radius at all time points. Finally, patients who
received denosumab had a decreased incidence of new vertebral fractures at
36 months (1.5%, vs. 3.9% with placebo) (relative risk 0.38; 95% confidence interval
0.19–0.78; P = 0.006) (Smith et al. 2009). To date, denosumab 60 mg s.c. every
6 months is approved by the EMA and FDA for the indication of osteoporosis and
CTIBL in patients with prostate cancer, and registration also allows for the use of
denosumab for aromatase inhibitor (AI)-Induced Bone Loss (AIBL).

A phase III study has evaluated the efficacy of denosumab (120 mg every
4 weeks) versus placebo in patients with prostate cancer without bone metastases.
The primary endpoint of this study is the time to first occurrence of bone metastases
or death for any cause. Final results are expected for 2011, and an Amgen
Press Release (http://www.amgen.com/media-_pr_detail.jsp?releaseID=1507379)
announced that the study has reached the primary end-point regarding bone
metastasis-free survival. In fact, denosumab has shown to increase bone-metastasis-
free survival by 4.2 months compared with placebo (HR = 0.85; P = 0.03),
without improvement of OS. Moreover, a randomized, double-blind, placebo-
controlled phase 3 study is evaluating denosumab as adjuvant treatment for women
with early-stage breast cancer at high risk of recurrence. Main eligibility criteria
include histologically confirmed breast cancer stage II or III at high risk of recur-
rence, indication for adjuvant chemotherapy and/or endocrine therapy and/or
HER-2 targeted therapy, performance status \2, ageC18 years and adequate organ
function. 3600 patients will be randomized to receive denosumab versus placebo
every four weeks. The primary endpoint is disease-free survival [45].

9 Conclusions

The aging of the population has been associated with an increased prevalence of
chronic diseases and cancer. Accordingly, the management of older patients is a high
priority of current medical practice. Bisphosphonates are an important option in this
group of patients. To date, preclinical and clinical studies are evaluating effects of
bisphosphonates and denosumab on survival in the adjuvant and advanced setting.
First data suggest that bisphosphonates may prolong the survival in some subgroups
of cancer patients, and the elderly patient might derive some extra benefit of bone-
targeted treatments. Currently, there are limited data from randomized clinical trials
on the effects of bisphosphonates specifically in elderly cancer patients. However,
there have been a number of clinical trials with bisphosphonates that have included
substantial numbers of elderly patients. Moreover, further clinical trials to assess the
role of bisphosphonates and denosumab in indications such asthe prevention of
CTIBL are currently in progress. The existing data suggest that bisphosphonates
could be considered anticancer drugs at least in the elderly, even if the results of large
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randomized phase III trials designed for elderly patients are unavailable [45].
New molecules are under evaluation for the treatment of bone metastases from
malignant tumors, and this is also true for the elderly. Denosumab is the compound
which is in most advanced clinical development, and presently available approved
indications include the elderly, where the drug might have an advantage as there is no
need to monitor renal function. However caution about potential hypocalcemia are
needed for denosumab and osteonecrosis of the jaw prevention is mandatory for
most bone-directed therapies mentioned. Targeting the bone by preventing SREs and
bone metastases in the elderly patient has potential for improving survival and
quality of life in many patients with cancer.
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Denosumab: First Data and Ongoing
Studies on the Prevention of Bone
Metastases

Roger von Moos and Tomas Skacel

Abstract

Bone metastases are associated with a major patient and healthcare burden
resulting from the impact and the management of associated skeletal-related
events (including spinal cord compression, pathologic fracture and surgery or
radiation to bone). In preclinical studies, RANK Ligand inhibition has been
shown to prevent the development of bone and some visceral metastases.
Clinical studies are ongoing to evaluate whether the fully human monoclonal
antibody denosumab, which targets RANK Ligand, can prevent the develop-
ment of bone metastases in high-risk patients. Findings from a phase 3 study in
men with high-risk non-metastatic castration-resistant prostate cancer demon-
strated that denosumab (120 mg every 4 weeks) significantly increased bone
metastasis-free survival (primary endpoint) by 4.2 months (median) versus
placebo (HR 0.85 [0.73, 0.98]; P = 0.028). This is the first study to
demonstrate the clinical benefit of a bone-targeted agent in this setting. Further
evaluation of denosumab in the prevention of metastatic disease is warranted
and ongoing in other tumor types.
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1 Introduction

Although the precise incidence of bone metastases is not known, it is estimated
that they occur in approximately 65–75% of patients with advanced breast or
prostate cancer and in 30–40% of patients with other solid tumors (Coleman
2001). Left untreated, the osteoclast-mediated ‘vicious cycle’ drives further tumor
growth and bone destruction. Tumor cells release factors that directly or indirectly
stimulate osteoclast activation (Fig. 1). These factors induce expression of RANK
Ligand (RANKL; the key mediator of osteoclast formation, maturation and
function), PTHrP, and also downregulates osteoprotegerin (an inhibitor of osteo-
clastic bone resorption) (Guise and Mundy 1998; Kitazawa and Kitazawa 2002;
Mundy 2002; Roodman 2004). The resulting osteolysis by the activated osteoclasts
releases further growth factors from within the bone matrix and tumor, thereby
promoting further bone destruction (Roodman 2004). This interaction between the
tumor cells, the surrounding bone microenvironment and the involvement of
RANKL has been implicated in the development of bone metastases secondary
to breast, prostate, thyroid, renal and lung cancer as well as neuroblastoma
and multiple myeloma (Roodman 2004). RANK expression has also been observed
on a number of cancer cell lines. Activation of RANK receptors on the tumor cells by
the ligand (RANKL) causes an increase in cancer cell migration and invasion
(Armstrong 2008). Furthermore, preclinical studies have shown that the presence of
RANK on tumor cells enhances lung and bone metastasis (Gonzalez-Suarez et al.
2010; Jones 2006; Tan 2011). Although not an example of metastatic disease, these
preclinical data are also supported by a clinical phase 2 trial in Giant Cell Tumor of
the bone, a rare primary osteolytic bone tumor with substantial skeletal morbidity.
Results of this study (Thomas et al. 2010) showed an impressive 86% response rate
with 84% of patients experiencing a clinical benefit (including pain reduction
requiring less analgesia, functional improvements, mobility and bone repair).

Metastatic bone disease can result in clinically significant skeletal morbidity,
including the requirement of radiation to bone (as a means of pain palliation),
occurrence of a pathological fracture, the need for surgery to stabilize bone or
spinal cord compression. The negative impact of these skeletal-related events, both
from a patient quality of life perspective and the healthcare resource burden,
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highlights the importance of preventing bone metastases as a means of preventing
the later complications.

2 Denosumab

Denosumab is a fully human monoclonal antibody that binds specifically to
RANKL and prevents it from binding with the RANK receptor. Thus, neutralizing
RANKL with denosumab inhibits osteoclast formation, maturation, function and
prevents osteolysis (Fig. 2).

2.1 Current Indications and Efficacy

Denosumab is available in two different dose forms for the management of two
different oncological indications. A 60 mg subcutaneous dose every 6 months
(Prolia�) is approved in the European Union for the treatment of bone loss
associated with hormone ablation in men with prostate cancer at increased risk
of fractures (European Medicines Agency 2010) and additionally for treatment
of bone loss induced by aromatase inhibitors in women with breast cancer in
Switzerland (Swiss Medic 2010) and the USA (United States Federal Drugs Agency
2011a). In a large phase 3 clinical trial in men with prostate cancer receiving
androgen deprivation therapy, denosumab (60 mg every 6 months) significantly
decreased the incidence of new vertebral fractures versus placebo (1.5 vs. 3.9%,
respectively; RR 0.38; 95% CI 0.19, 0.78; P = 0.006) (Smith et al. 2009).

Denosumab (XGEVA�; 120 mg every 4 weeks) is also approved in the USA
for the ‘prevention of skeletal-related events in patients with bone metastases from

Fig. 1 The vicious cycle of bone destruction in metastatic bone disease (adapted from Clines
and Guise (2008)
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solid tumors’ denosumab is not indicated for use in patients with multiple mye-
loma (United States Federal Drugs Agency 2011b) and in the European Union for
the ‘prevention of skeletal-related events (pathological fracture, radiation
to bone, spinal cord compression or surgery to bone) in adults with bone metas-
tases from solid tumors’ (European Medicines Agency 2011). The efficacy and
safety of the 120 mg dose was assessed in three identically designed randomised,
double-blind, double-dummy, phase 3 trials where patients (N = 5723) with bone
metastases/lesions secondary to prostate cancer, breast cancer, other solid tumors
or multiple myeloma received either subcutaneous denosumab (120 mg every
4 weeks) with intravenous placebo (N = 2862) or intravenous zoledronic acid
(4 mg every 4 weeks) with subcutaneous placebo (N = 2861). In a planned
integrated analysis of the three studies, denosumab was superior to zoledronic acid
in delaying the time to first on-study skeletal-related event (primary endpoint) by
17% (median 27.7 months vs. 19.5 months, respectively; HR 0.83; 95% CI 0.76,
0.90; P \ 0.0001). Denosumab was also superior in delaying time to first and
subsequent on-study skeletal-related events by 18% (HR 0.82; 95% CI 0.75, 0.89;
P \ 0.0001) (Lipton et al. 2010).

2.2 Safety

In the integrated analysis of the advanced cancer trials, adverse events were similar
for denosumab (120 mg every 4 weeks) and zoledronic acid with 96.2% and
96.8% of patients reporting adverse events and 56.3 and 57.1% of patients
reporting serious adverse events, respectively (Lipton et al. 2010). Incidence of
osteonecrosis of the jaw was similar between treatment arms (1.8 vs. 1.3%,
respectively; P = 0.13). Hypocalcaemia (mostly asymptomatic in both arms) was

Fig. 2 Denosumab binds RANKL and interrupts the vicious cycle of bone destruction in
metastatic bone disease
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reported in more patients receiving denosumab (9.6%) than those receiving
zoledronic acid (5.0%). Grade 3 hypocalcaemia was reported in 2.5% and 1.2% of
patients, respectively. Grade 4 hypocalcaemia was only reported in 0.6% and 0.2%
of patients. Denosumab does not require dose adjustments or withholding for renal
function. Furthermore, incidence of adverse events potentially associated with
renal toxicity was lower in the denosumab arm (9.2%) versus the zoledronic acid
arm (11.8%). Similarly, adverse events with acute phase reactions reported within
3 days of treatment were reported for fewer patients in the denosumab arm than
the zoledronic acid arm (8.7% vs. 20.2%) (Lipton et al. 2010).

3 Denosumab: Prevention of Bone Metastases
in Prostate Cancer

Preclinical evidence suggests that RANKL inhibition reduces progression of
established prostate cancer to the bone through inhibition of bone remodeling
(Zhang et al. 2003). Furthermore, this reduction in bone resorption may prevent
the outgrowth of marrow micrometastases (van der Pluijm et al. 2005). Results
from other preclinical studies have also shown that activation of RANK on the
surface of tumor cells leads to an increase in cancer cell migration and invasion
(Armstrong 2008). Both of these mechanisms may play an important role in
prevention of bone metastasis and progression of prostate cancer.

A recently reported global phase 3 study (NCT00286091) evaluated the effect
of denosumab (120 mg every 4 weeks) on bone metastasis-free survival. Eligi-
bility criteria included men with non-metastatic castrate-resistant prostate cancer
at high risk for developing bone metastasis, characterized by a PSA value C8.0 ng/
mL obtained B3 months before randomization and/or a PSA doubling time
B10 months. Patients were randomised 1:1 to receive either subcutaneous deno-
sumab (N = 716) or subcutaneous placebo (N = 716) every 4 weeks with rec-
ommended calcium (C500 mg) and vitamin D (C400 IU) supplementation. The
primary efficacy endpoint was bone metastasis-free survival, defined as time to
first bone metastasis (either symptomatic or asymptomatic) or death from any
cause. Bone metastases were detected by routine bone scans and were confirmed
by an independent central reading facility using a second imaging modality
(radiography, computed tomography or magnetic resonance imaging). Time to first
bone metastasis (either symptomatic or asymptomatic) and overall survival were
also evaluated (Smith et al. 2011).

Smith et al. reported a significant treatment benefit with denosumab versus
placebo in these patients. Bone metastasis-free survival was significantly increased
by a median of 4.2 months versus placebo (HR 0.85; 95% CI 0.73, 0.98;
P = 0.028). Time to symptomatic bone metastasis was also delayed (HR 0.67;
95% CI 0,49, 0,92; P = 0.01). Overall survival was similar between groups.
Adverse events and serious adverse events were generally similar between the two
treatment groups and the yearly cumulative incidence of osteonecrosis of the jaw
was similar to the rates previously reported for this agent in the advanced cancer
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setting (cumulative incidence year 1, 1.1%; year 2, 2.9%; year 3, 4.2%) (Smith
et al. 2011). This is the first large randomised study to demonstrate that targeting
bone resorption prevents bone metastasis in men with castrate resistant prostate
cancer.

The study did not plan for patient follow-up beyond the first bone metastasis.
As such, it is unclear whether the delay of the first bone metastasis will translate
into a later onset of and overall lower number of skeletal-related events. The study
also does not provide a definitive answer about a potential survival benefit
of denosumab in this patient population, which can only be seen later in the course
of the disease. Denosumab given monthly at 120 mg prevents or delays bone
metastasis in prostate cancer. It is an open question as to whether a similar
outcome could potentially be achieved with other doses and schedules of deno-
sumab. Additional trials in this high-risk prostate cancer population addressing
these questions are of interest.

4 Denosumab: Prevention of Bone Metastases
in Breast Cancer

Bone is the most common site of distant recurrence in women with early stage
breast cancer, accounting for approximately 40% of first metastatic recurrences in
this population (Coleman 2007). It has been shown in the preclinical setting that
RANKL and RANK are expressed in human breast cancer tissue (Gonzalez-Suarez
et al. 2010) and this increased RANK expression may be associated with an
increased incidence of hyperplasia and adenocarcinoma (Gonzalez-Suarez et al.
2006). RANK expression in primary breast tumors is correlated with lymph node
and bone metastases (Santini et al. 2011). It was also observed that RANKL
knockout mice did not develop normal mammary epithelial glands as a response to
pregnancy hormones. This observation suggests that RANK/RANKL could be the
missing link between sex hormones and breast cancer (Koch 2011). In an exper-
imental mouse model, Penninger’s group found a markedly decreased incidence
and delayed onset of breast cancer when RANK was inactivated in the mammary
epithelium (Schramek et al. 2010). These findings were confirmed in a second
study by Gonzalez-Suarez et al. published in Nature; use of pharmacological
RANKL inhibition reduced the development of sex hormone-induced mammary
cancer from 100 to 10% in wild-type mice (Gonzalez-Suarez et al. 2010).
Similarly, in transgenic mice with overactive RANK functionality an increased
and accelerated formation of mammary tumors was observed (Gonzalez-Suarez
et al. 2010). Since RANKL/RANK has a key role in bone metabolism, it could be
speculated that microcalcification as a sign of breast malignancy could be seen in
this context (Koch 2011). Furthermore, in a mouse model, RANKL inhibition has
significantly delayed de novo breast cancer skeletal metastases formation and
improved survival (Canon et al. 2008a, b). Thus, inhibition of osteoclast activity
via the RANK/RANKL pathway is a potential strategy for delaying and preventing
the development of bone and visceral metastases.
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Two ongoing phase 3 randomized clinical trials may provide evidence
regarding denosumab’s potential role in preventing bone and visceral metastasis in
breast cancer patients. A randomized double-blind, placebo-controlled, multicen-
ter, international phase 3 study compares denosumab with placebo as adjuvant
treatment for women with early stage breast cancer who are at high risk of disease
recurrence (D-CARE, NCT01077154; Fig. 3).

Eligibility criteria are: women aged C18 years; ECOG performance status 0 or 1;
histologically confirmed AJCC stage II or III breast cancer; high risk of breast
recurrence; receiving or scheduled to receive concurrent standard of care systemic
adjuvant or neoadjuvant chemotherapy and/or endocrine therapy and/or HER-2
targeted therapy. A total of 4,500 patients are planned to be randomised 1:1 to receive
either subcutaneous denosumab (120 mg every 4 weeks) for 6 months followed by
denosumab (120 mg every 3 months) for 54 months or subcutaneous placebo
(every 4 weeks) for 6 months followed by placebo (every 3 months) for 54 months.
Vitamin D (C400 IU) and calcium (C500 mg) supplementation is required unless
patients develop hypercalcaemia. The primary endpoint is bone metastasis-free
survival (BMFS). Secondary endpoints are disease-free survival, overall survival and
distant recurrence-free survival. Safety, patient-reported outcomes (pain and health
utilities) and breast density will also be assessed. Patients who develop a documented
bone metastasis will discontinue treatment and enter follow-up. This trial is ongoing
and recruiting patients; estimated completion of the trial is October 2016.

The second large phase 3 clinical trial (ABCSG-18) with more than 3400
patients is being conducted in Austria and other European countries (Fig. 4).
Postmenopausal women treated with aromatase inhibitors are enrolled in this
study. The primary endpoint is the time to first clinical fracture, the secondary
endpoints include the incidence of new vertebral fractures, the incidence of new or
worsening of pre-existing vertebral fractures and the percentage change in total
lumbar spine, total hip and femoral neck bone mineral bone density. Exploratory

Fig. 3 Study design: Denosumab as adjuvant treatment for women with high risk early breast
cancer receiving neoadjuvant or adjuvant therapy (D-CARE)
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endpoints will provide information about the effect of denosumab on bone
metastasis-free survival, disease-free survival and overall survival. The study is
estimated to complete recruitment by November 2013.

Since the value of bisphosphonates in this breast cancer setting remains unclear,
these two large phase 3 trials should provide additional evidence about the role of
RANKL inhibition in the adjuvant setting.

5 Denosumab: Prevention of Bone Metastases in Other
Tumors

Invasion of distant tissues by tumor cells is the primary cause of therapeutic failure
in the treatment of lung cancer. In preclinical evaluations, RANKL inhibition
has prevented tumor-associated osteolytic and osteoblastic disease and reduced
skeletal tumor burden in all murine models of lung cancer that have been tested
(Feeley et al. 2006). These data suggest that treatment of lung cancer patients with
bone disease with a RANKL inhibitor may suppress tumor-induced bone
destruction and the progression of the skeletal tumor. Although this remains to be
evaluated in a prospective study, a recently presented post-hoc analysis of the lung
cancer cohort from the phase 3 solid tumor study may provide some initial clinical
evidence. The exploratory analysis was performed analyzing overall survival
among the 801 patients with non-small cell or small cell lung cancer. In this
cohort, a survival advantage was seen among those with lung cancer receiving
denosumab versus those receiving zoledronic acid (median 8.9 months vs.
7.7 months, respectively; HR 0.80; 95% CI 0.67, 0.95; P = 0.01). Improved
survival was also observed among patients with non-small cell lung cancer
(N = 702), with a median survival of 9.5 months with denosumab versus
8.1 months with zoledronic acid (HR 0.78; 95% CI 0.65, 0.94; P = 0.01)
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Fig. 4 Study design: Denosumab in patients with breast cancer receiving aromatase inhibitor
therapy (ABCSG-18)
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(Scagliotti et al. 2011). Although this analysis was not preplanned a strong signal
in a direct survival benefit was observed. These initial data suggest further eval-
uation of the effect of denosumab on the prevention of bone metastases and
survival in lung cancer is warranted.

RANKL plays a central role in normal and pathologic bone remodeling and
probably an important role in cancer cell migration and invasion. RANK inhibition
is a promising approach to prevent development of bone metastases in variety of
solid tumors through improved bone integrity. It remains to be seen whether
RANK/RANKL pathway inhibition possesses direct antitumor effect in human
breast, prostate and lung cancer. Further intensive preclinical and clinical research
is required and ongoing to answer these important questions.
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Diagnostic and Prognostic Use
of Bone Turnover Markers

Markus Joerger and Jens Huober

Abstract

The use of bone turnover markers in oncology includes monitoring of anticancer
treatment in patients with malignant disease metastatic to the bones (therapeutic
monitoring), predicting the risk of bone relapse in patients with a first diagnosis of
potentially curative, early-stage malignant tumors (prognostic use), and making
an early diagnosis of (microscopic) malignant bone disease in patients with a
known malignant tumor to start early bone-targeted treatment and avoid skeletal-
related events (diagnostic use). Concerning prognostic use, there is limited
evidence for bone turnover markers to predict the occurrence of metachronous
bone metastases in patients with early-stage malignant tumors, with serum PINP
(N-terminal propeptide of procollagen type 1), ICTP (Carboxyterminal cross-
linked telopeptide of type I collagen), bone sialoprotein (BSP), and tumor
immunoexpression of BSP being the most promising candidates. Concerning
diagnostic use, serum bone-specific alkaline phosphatise (BSAP), PINP and
osteoprotegerin (OPG) were repeatedly shown to be associated with synchronous
bone metastases in patients with breast or lung cancer, but sensitivity of these
markers was too low to suggest that they might be preferred over conventional
bone scans for the diagnosis of bone metastases. A somewhat higher sensitivity
for the diagnosis of bone metastases was found for urinary NTx (N-terminal
cross-linked telopeptide of type I collagen) and serum ICTP in solid tumor
patients, serum TRAcP-5b (Tartrate-resistant acid phosphatase type 5b) in
patients with breast cancer and serum BSAP, PINP and OPG in prostate cancer
patients. Both prognostic and diagnostic use of bone turnover markers are
reviewed in this chapter.
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1 Introduction

The majority of solid malignant tumors have a strong propensity to spread to
the bone. The mechanisms involved in cancer dissemination to bone are
complex, and the changes in bone metabolism are very profound, once bony
metastases have occurred. The use of bone markers in oncology covers mainly
three topics. The first is monitoring of anticancer treatment in patients with
established malignant disease metastatic to the bones. However, this is not the
topic of the present chapter. The second application is to use bone turnover
markers as a prognostic tool for patients with a first diagnosis of potentially
curative, early-stage malignant disease, to predict the risk of disease relapse in
the bones, and potentially apply preventive measures such as adjuvant
chemotherapy or bisphosphonates. The third application is to use bone markers
for an early diagnosis of (microscopic) malignant bone disease in patients with
a known malignant tumor, and potentially start early bone-targeted treatment to
delay overt malignant bone disease with subsequent complications such as pain,
fractures and immobility.

Diagnostic procedures for metastatic bone disease traditionally focus on the
localization and characterization of the lesion, using different imaging techniques
such as radiographs, computed tomography, magnetic resonance imaging (MRI),
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99technecium bone scans and positron-emission tomography (PET) scans. These
diagnostic tools have been proven to be effective in identifying established meta-
static spread. However, earlier (microscopic) stages of malignant bone disease
cannot be diagnosed with conventional radiological or radionuclide imaging. In such
cases, bone markers might be of particular value to enable early diagnosis of
malignant bone disease, or even provide some information on the future risk of
developing bone metastases in patients with early malignant disease. Under normal
conditions, bone remodeling is a balanced, lifelong continuum of resorption of old
bone (through the action of osteoclasts) and replacing the removed tissue by an equal
amount of newly formed bone (through the action of osteoblasts). The presence of
bone metastases greatly perturbs this balance. Driven by a number of tumor-derived
factors, the osteoclasts surrounding cancer metastases become activated and start
resorbing bone substance. By contrast, bone formation may be increased or
decreased, but is usually inadequate to compensate for the increase in bone
resorption. Radiographically, this results in predominantly lytic or mixed lytic–
sclerotic lesions, as typically seen in breast cancer metastases to bone. By contrast,
sclerotic lesions are typically found in prostate cancer, characterized at the cellular
level by a relative excess of bone formation as compared to bone resorption.
However, even the skeletal metastases of prostate cancer are characterized by an
increased rate of both bone resorption and formation. Therefore, high bone turnover
is a general feature of metastatic bone disease, and is accompanied by a respective
increase of both markers of bone formation and bone resorption.

There are some practical and important issues for the analysis and interpretation
of bone markers, including diurnal variation of serum concentrations, that might
reach 20% of the absolute values, potential seasonal variation and gender differ-
ences. These various reasons for diagnostic variability have recently been reviewed
by Coleman et al. (2008). Although bone markers may have the potential as diag-
nostic or prognostic tools in cancer patients, the available data do not allow final
conclusions regarding the accuracy and validity of any of the presently used markers
in the primary or secondary prevention of bone metastases. Still, available data allow
to give an overview on the potential diagnostic and prognostic use of bone markers
in patients with solid malignancies or multiple myeloma, as outlined in this chapter.

2 Overview on Bone Markers

2.1 Bone Formation Markers

By-products of osteogenesis or osteoblast-secreted factors can provide insight into
the activity of bone formation (Table 1).

2.1.1 Bone-Specific Alkaline Phosphatase
Bone-specific alkaline phosphatase (BSAP) hydrolyses pyrophosphates, thereby
removing an inhibitor of osteogenesis while creating the inorganic phosphate that
is required for generation and deposition of hydroxyapatite. BSAP is secreted from
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osteoblasts to the bone matrix to allow for bone mineralization. There are different
alkaline phosphatase isoforms secreted by various organs into the serum, with
predominant isoforms originating from the bone, liver or intestines. The bone-
specific isoform (BSAP) is a relatively specific marker for osteogenesis. However,
elevated serum concentrations of BSAP might also be found in patients with liver
dysfunction, as BSAP is normally cleared from the serum by the liver.

2.1.2 Osteocalcin
Osteocalcin (Bauer et al. 2006) is the major non-collagen protein in the bone
matrix, and is produced by osteoblasts among other cells. Osteocalcin serum or
urinary concentrations reflect both osteolysis and osteogenesis, and concentrations
can also be increased in patients with renal dysfunction or hyperlipidemia. Mul-
tiple isoforms of osteocalcin are found in the serum or in urine, and current assays
might not detect them all (Ivaska et al. 2005).

2.1.3 Propeptides of Procollagen Type I
Collagen type I comprises approximately 90% of the organic bone matrix. After
extracellular excretion of the N-terminal propeptide of procollagen type 1 (PINP)
and C-terminal propeptide of procollagen type 1 (PICP), these peptides are cou-
pled to collagen and released into the serum. Therefore, levels of PINP and PICP
reflect the activity of osteogenesis. Both PINP and PICP are removed by the liver.
Other than PICP, PINP can also be deposited directly into the bone matrix, and has
been found to constitute 5% of the non-collagenous protein in bone. Data from the
literature suggest that PINP has a greater diagnostic validity as compared to PICP
(Brasso et al. 2006).

2.2 Bone Resorption Markers

By-products of osteolysis or osteoclast-secreted factors can provide insight into the
activity of bone resorption (Table 2).

2.2.1 Pyridinoline and Deoxypyridinoline
Pyridinoline (PYD) and deoxypyridinoline (DPD) are products of the posttrans-
lational modification of lysine and hydroxylysine. They stabilize mature type-1
collagen in bone, cross-linking the telopeptide domain of a collagen fibril to the
helical region of an adjacent collagen fibril. Bone resorption results in a release of
PYD and DPD into the blood, followed by renal excretion. DPD is found almost
exclusively in bone. The contribution from soft tissues to the systems pool of PYD
might make the latter less accurate than other bone markers.

2.2.2 C-telopeptide and N-telopeptide of Type I Collagen
C-terminal cross-linked telopeptide of type I collagen (CTx) and N-terminal cross-
linked telopeptide of type I collagen (NTx) are the carboxyterminal and
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aminoterminal peptides, respectively, of mature type I collagen, and both are
released during bone resorption. Degradation products of collagen are of various
sizes, i.e. osteoclast-derived fragments are different from those formed in non-
skeletal tissues. The CTx peptide exists as a or b-isoforms, with b-isoforms found
more often in mature bone. Both CTx and NTx can be analyzed in serum or urine,
but urinary concentrations must be adjusted for urine dilution, which may add to
the analytical error. Because CTx levels were less elevated in patients with Paget’s
disease as compared to NTx, and more elevated in patients with hyperthyroidism
(Calvo et al. 1996), serum concentrations of NTx might be more specific to pro-
cesses in the bone as compare to CTx.

2.2.3 Carboxyterminal Cross-Linked Telopeptide of Type I Collagen
Carboxyterminal cross-linked telopeptide of type I collagen generated by
metalloproteinases (ICTP) is another metabolic product of mature type I collagen
resorption, that is usually detected by immunoassays against the telopeptide por-
tion of the collagen fragment between the two a1-chains. Increased levels of serum
ICTP correlate with bone resorption. Importantly, cathepsin K-mediated bone
resorption by osteoclasts cleaves the collagen at the antigenic site, and the
resulting ICTP fragment is not detected by conventional immunoassays (Sassi
et al. 2000). This might explain why ICTP is less sensitive for more physiological
changes in bone turnover such as those accompanied by treatment with estrogen or
bisphosphonates (Coleman et al. 2008).

2.2.4 Tartrate-Resistant Acid Phosphatase Type 5b
Tartrate-resistant acid phosphatase type 5b (TRAcP-5b) is secreted primarily by
activated osteoclasts and is one of two isoforms detected in human serum. Acti-
vated macrophages secrete the TRAcP-5a isoform. Osteoclasts secrete the active
enzyme TRAcP-5b, before it enters the circulation, where it is inactivated. Serum
TRAcP-5b levels are analyzed by immunoassays, and they have been shown to be
a good surrogate for bone resorption.

2.3 Osteoclast Regulators: Receptor Activator of Nuclear
Factor-jB Ligand/Osteoprotegerin

Receptor activator of nuclear factor-jB (RANK) and its ligand (RANKL) are
required for osteoclastogenesis. RANKL (also referred to as OPGL, TRANCE or
ODF) is a member of the tumor necrosis factor (TNF) family of cytokines that
binds to its receptor RANK to control osteoclast differentiation, activation and
survival (Jones et al. 2006). Osteoprotegerin (OPG) is a soluble decoy receptor for
RANKL that blocks ligand binding to RANK, thereby preventing the signaling
required for osteoclast differentiation and activation (Teitelbaum 2000). In pre-
clinical models of bone metastases secondary to melanoma or prostate cancer,
neutralization of RANKL by OPG resulted in a marked reduction in tumor burden
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in bones, but not in other organs (Jones et al. 2006). These data revealed that local
differentiation factors, such as RANKL, play an important role in cell migration in
a metastatic tissue-specific manner (reviewed in Mori et al. 2009). In a retro-
spective analysis, Santini et al. analyzed RANK immunoexpression in tissue from
bone metastases from 74 patients with solid tumors, and found a high concordance
between RANK immunoexpression in bone metastases and the corresponding
primary tumor (Santini et al. 2011). These data support the central role of the
RANK/RANKL/OPG pathway in the development of bone metastases in solid
tumor patients.

Serum levels of OPG and both soluble and total RANKL are assessed by
immunoassay. Elevated levels of either protein alone or increases in the ratio of
RANKL to OPG have been investigated as a prognostic tool in patients with bone
metastases, with rather controversial results (Jung et al. 2004; Leeming et al. 2006).

2.4 Bone Sialoproteins

Histological studies have shown that the two sialoproteins, bone sialoprotein
(BSP) and osteopontin (OPN) are induced in multiple types of cancer, and that
serum concentrations of BSP and OPN are significantly higher in patients with
various solid tumors as compared to healthy controls (Fedarko et al. 2001). BSP is
a member of the Small Integrin-Binding Ligand N-linked Glycoprotein
(SIBLING) family of proteins that also includes OPN, dentin matrix protein 1
(DMP1), dentin sialophosphoprotein, and matrix extracellular phosphoglycopro-
tein (Fisher and Fedarko 2003). BSP is a non-collagenous bone matrix protein
secreted by osteoclasts, and is present in all mineralized tissues. Recent evidence
suggests that—in the presence of RANKL—BSP might synergistically induce
osteoclastogenesis (Valverde et al. 2005). BSP contributes to osteoclast survival
and decreased apoptosis. Regulation of BSP activity is achieved through
dephosphorylation by TRAcP (Ek-Rylander et al. 1994). Serum BSP levels are
measured by immunoassays. Elevated serum BSP levels have been reported in
patients with various solid malignancies (Jung et al. 2004; Fedarko et al. 2001) and
in multiple myeloma (Woitge et al. 2001). Although many of the SIBLING pro-
teins are predominately expressed in bone, several of these proteins have been
shown to be aberrantly expressed in a variety of malignant tumors (Fisher et al.
2004), and expression of BSP in these tumors has been proposed to play a role in
the homing of tumor cells to the bone, and in the enhanced survival of tumor cells
in the bone microenvironment (Jain et al. 2002). Bone sialoprotein is expressed by
many malignant tissues, including breast, prostate (Waltregny et al. 2000), lung
(Bellahcene et al. 1997) and several other cancer types (Fisher et al. 2004), and
BSP expression is markedly lower in visceral metastases as compared to bone
metastases in human breast and prostate cancers, suggesting some role of BSP in
the pathogenesis of bone metastases (Waltregny et al. 2000). BSP-integrin inter-
actions are important to stimulate the migration of tumor-derived cells. Although
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the specific mechanisms by which BSP stimulates migration are not known, it has
been reported that BSP can increase the invasiveness of cancer cells by forming a
trimolecular complex with integrins and the matrix metalloproteinase MMP-2
(gelatinase A), increasing localized matrix degradation (Karadag et al. 2004).
While BSP may play an important role as an adaptor molecule participating in the
attachment of proteins to the cell surface of migrating cells, the protein may also
play a more direct role, stimulating molecular signals at the focal adhesion
resulting in expression of pro-metastatic factors.

Serum concentrations of BSP have been shown to correlate with markers of
bone resorption in malignant bone disease and are often elevated in patients with
tumors metastatic to bone (Seibel et al. 1996). Of particular interest, the highest
levels seemed to occur in patients with bone metastases from cancers that are
known to express BSP ectopically, such as breast, prostate or thyroid cancers
(Bellahcene et al. 1996).

3 Prognostic Use of Bone Markers

There are accumulating data describing the association between specific bone
markers and the outcome with respect to skeletal-related events (SRE) in patients
with bone metastases from malignant tumors. At the same time, there are only
limited data on the prognostic value of bone markers in patients with early-stage
cancer where no metastatic spread to the bones has been diagnosed. The term
‘‘prognostic markers’’ is used here for clinical studies that focus on the clinical
outcome in patients receiving either no or standard anticancer treatment, in
contrast to ‘‘predictive markers’’ that look at the clinical outcome with respect to
a well-defined, often newer or experimental treatment. In 2005, Brown et al.
studied 441 patients with bone metastases from various solid malignancies, and
found high levels of urinary N-telopeptide (NTx) at the time of diagnosis to
predict an increased risk of skeletal-related events (relative risk of 3.25 for
prostate cancer, 1.79 for lung cancer and other tumors), disease progression
(relative risk of 2.02 for prostate cancer, 1.91 for lung cancer and others), and
death (relative risk of 4.59 for prostate cancer, 2.67 for lung cancer and others)
as compared to patients with low NTx urinary levels (Brown et al. 2005). The
authors concluded that high urinary NTx levels should prompt more aggressive
treatment to prevent skeletal-related morbidity in patients with bone metastases
from solid tumors (Brown et al. 2005). These data in patients with various
malignant tumors suggest that bone markers such as urinary NTx are early
surrogates for clinical outcome, and clinical studies on early prevention of
skeletal events in cancer patients should stratify patients according to these
markers. However, prospective validating studies are necessary if bone turnover
markers are to be implemented into daily clinical practice. Below, clinical evi-
dence on the prognostic value of various bone markers in breast-, prostate-, lung
cancer and multiple myeloma is summarized.
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3.1 Prognostic Use of Bone Markers in Breast Cancer

Some interesting results have been published that assessed the prognostic value of
various bone markers in patients with early or metastatic breast cancer. In 2001,
Jukkola et al. assessed the prognostic value of PINP, PICP and ICTP in 373
patients with node-positive early breast cancer (Jukkola et al. 2001). Mean levels
of PINP in serum were significantly elevated in patients who developed metastatic
disease in the follow-up as compared to patients without tumor relapse in the
bones. When patients with only bone metastases were compared with those not
exhibiting bone metastases, PINP concentrations in serum were significantly
higher in the group with recurrence in the bone, but there were no significant
differences in serum PINP, PICP or ICTP values between patients with only bone
metastases and those who developed soft or visceral metastases during the follow-
up (Jukkola et al. 2001). These data were recently confirmed by a subgroup
analysis of a randomized, double-blind placebo-controlled study in women with
early breast cancer receiving either standard adjuvant therapy plus oral clodronate
(n = 419) or placebo (n = 432) for 2 years (McCloskey et al. 2010). In the 230
women receiving oral clodronate and having paired measurements of PINP at
baseline and after one year, there was a significant relationship between changes in
serum PINP and the subsequent development of bone metastases. Women expe-
riencing increasing serum PINP levels after one year of oral clodronate had a
20.8% risk of subsequent development of bone metastases (McCloskey et al.
2010). In 2004, Ali et al. found serum NTx levels to predict the time to progression
(TTP) and overall survival (OS) in 250 patients with metastatic breast cancer (Ali
et al. 2004). Time to progression was significantly shorter in patients with elevated
serum NTx concentrations as compared to those with low NTx levels (139 as
compared to 220 days, p \ 0.001).

Recently, BSP has emerged as a new marker of bone resorption in breast cancer
patients with bone metastases. Using a retrospective study design, Bellahcene et al.
found that the amount of BSP expressed in breast cancer tissues (as assessed by
semiquantitative immunohistochemistry) correlated with the propensity of the
cancer to metastasize to the bones (Bellahcene et al. 1996). Some years later, Diel
et al. performed a two-year prospective study, showing that serum BSP concen-
trations were highly predictive of future bone metastases in women with newly
diagnosed, early breast cancer (Diel et al. 1999). Women with breast cancer and
elevated serum BSP levels at baseline (i.e. before surgical tumorectomy) had a
significantly increased risk of developing bone metastases as compared to patients
with normal baseline BSP concentrations. Furthermore, these clinical data are
supported by preclinical data, in that the expression of BSP has been demonstrated
to be sufficient to promote skeletal metastasis in non-osteotropic cells (Zhang et al.
2004). A recent study by Tu et al. has demonstrated that the transgenic overex-
pression of BSP resulted in increased skeletal as well as systemic metastases in a
murine breast cancer model (Tu et al. 2009). This evidence would strongly
implicate BSP in promoting skeletal metastases in malignant tumors.
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Finally, a large ongoing phase III clinical study assesses the value of ‘‘fixed’’
versus ‘‘marker-directed’’ dosing of zoledronic acid in 1400 patients with
advanced breast cancer metastatic to bones, with SRE being the primary study
endpoint (Coleman et al. 2008, BISMARK trial). In this study, zoledronic acid is
given at 3–4 weekly intervals in patients with serum Ntx [ 100 nM, at 8–9 weekly
intervals in patients with serum Ntx between 50 and 100 nM, and in 15–16 weekly
intervals in patients with serum Ntx \ 50 nM. In the conventional study arm,
zoledronic acid is given at 4 mg i.v. every 3–4 weeks.

3.2 Prognostic Use of Bone Markers in Prostate Cancer

Similar to studies in breast cancer (Bellahcene et al. 1996; Diel et al. 1999), tissue
expression of BSP in prostate cancer might enable the identification of subgroups
of patients who are at high risk for developing bone metastases or disease
recurrence (De Pinieux et al. 2001). In 2001, Waltregny et al. analyzed immu-
nohistochemical expression of BSP in 180 prostatectomy specimens for localized
prostate cancer (Waltregny et al. 1998). Most of the prostate cancer lesions
examined expressed BSP (78%), compared with no or low expression in the
adjacent normal glandular tissue. Although a significant association was found
between BSP expression and biochemical progression of prostate cancer, follow-
up was too short to determine whether overexpression of BSP was also a predictor
for the development of bone metastases (Waltregny et al. 1998). A recent study by
Ramankulov et al. suggests that plasma concentrations of another non-collagenous
bone protein, OPN, alone or in combination with other bone markers, may be
useful as a diagnostic and prognostic marker in the detection of bone metastases in
patients with prostate cancer (Ramankulov et al. 2007).

3.3 Prognostic Use of Bone Markers in Lung Cancer

In 2001, Ylisirnio et al. assessed serum concentrations of PINP, PICP and ICTP in
141 patients with mainly early-stage non small-cell lung cancer (NSCLC)
(Ylisirnio et al. 2001). Patients with elevated serum concentrations of ICTP
([5ug/L) had a 64% higher risk of dying from lung cancer as compared to patients
with low ICTP serum concentrations. However, the inclusion of patients with
various stages of lung cancer makes interpretation of this study difficult. In a recent
clinical study, Terpos et al. assessed the prognostic value of several bone markers
in serum from 79 patients with newly diagnosed NSCLC (Terpos et al. 2009).
Patients who later developed bone metastasis had decreased osteocalcin (Bauer
et al. 2006) and TRAcP-5b concentrations as compared to those patients who
never developed bone metastases (Terpos et al. 2009). In a case-control study, 30
patients with NSCLC who subsequently developed bone metastases were matched
for clinicopathologic parameters to 30 control patients with resected NSCLC
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without any metastases and 26 patients with resected NSCLC and non-bone
metastases, and the immunohistochemical expression of BSP in the primary cancer
was reported to be associated with the progression of distant bone metastases
(Papotti et al. 2006). This suggests that measuring BSP expression levels in lung
cancers may be helpful in identifying patients at high risk to develop bone
metastases (Papotti et al. 2006). However, this comes with the necessity of cross-
laboratory validation of the immunohistochemical bioassay. This hypothesis is
further supported by very recent data from Zhang et al., who showed BSP
immunohistochemical expression in resected primary tumors from 180 Chinese
NSCLC patients to be stronger in 40 out of the 180 patients who later developed
bone metastases as compared to the other patients (Zhang et al. 2010). At the same
time, tumor expression of OP was not a significant predictor of the development of
bone metastases.

3.4 Prognostic Use of Bone Markers in Multiple Myeloma

In 2003, Tian et al. showed expression of dickkopf 1 (DKK1), an inhibitor of
osteoblast differentiation, in myeloma cells from lytic tumors to inhibit osteoblasts
(Tian et al. 2003). Additionally, myeloma cells express the receptor activator of
nuclear factor jB ligand (RANKL), a major driver of osteoclastogenesis. There-
fore, the simultaneous overexpression of RANKL and DKK1 by myeloma cells
greatly increases bone resorption while inhibiting osteoblast differentiation and
bone formation. In 1997, Pecherstorfer et al. published a study were they looked at
urinary PYD in 50 patients with newly diagnosed and untreated MM, 40 patients
with MGUS, 40 untreated patients with osteoporotic vertebral fractures, and 64
healthy adults (Pecherstorfer et al. 1997). Patients with MM had significantly
higher levels of urinary DPD as compared to healthy adults, patients with
monoclonal gammopathy of undetermined significance (MGUS) or patients with
postmenopausal osteoporosis. In one of three patients progressing from initial
MGUS into stage I MM, urinary DPD increased above the upper limit of the
normal range, while it remained normal in 13 patients with stable MGUS.
In general, urinary DPD had low sensitivities to predict the changes in monoclonal
protein in stage I and II MM (\50%), but increased to 93% in stage III MM.
Although urinary DPD correctly identified patients with advanced MM (stage III),
the test did not discriminate between patients with MGUS, or with early (stage I)
MM or osteoporosis, probably because bone resorption rates are similarly low in
MGUS and early stage MM (Pecherstorfer et al. 1997).

There is a role for serum osteocalcin (Bauer et al. 2006) and BSP as prognostic
markers in patients with MM, as suggested by some clinical studies. Back in 1990,
Bataille et al. quantified OC in bone marrow tissue from crest biopsies and in
serum from 19 patients with MM (Bataille et al. 1990). Reduced serum OC levels
were shown to be associated with rapid disease progression and poor survival,
probably as a consequence of impaired osteoblast activity (Bataille et al. 1990).
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However, this association was not confirmed in other studies (Carlson et al. 1999;
Mejjad et al. 1996), and more recent studies indicate that serum ICTP concen-
trations are a better prognostic marker in MM as compared to other biochemical
indices (Abildgaard et al. 1998; Fonseca et al. 2000). Furthermore, Woitge et al.
studied serum BSP in 62 patients with newly diagnosed MM followed over a
period of four years, in 46 patients with monoclonal gammopathy of undetermined
significance MGUS, in 71 patients with untreated benign vertebral osteoporosis
and in 139 healthy controls (Woitge et al. 2001). Serum BSP concentrations
increased with disease progression and higher serum concentrations of BSP dis-
tinguished between MM and benign osteoporosis, and were associated with shorter
survival time in those patients suffering from MM (Woitge et al. 2001). Finally,
Terpos et al. studied the prognostic value of serum RANKL and OPG in 121
patients with newly diagnosed MM to evaluate their role in bone disease and
patient survival.

Serum levels of sRANKL were elevated in patients with MM and correlated
with the extent of bone disease. Additionally, the RANKL/OPG ratio in serum,
C-reactive protein (CRP), and b2-microglobulin were the final prognostic factors
for overall survival within multivariate analysis. The authors generated a prog-
nostic index based on these factors, categorizing patients into three risk groups
(Terpos et al. 2003). These data suggest bone markers to be of distinct clinical
value in predicting outcome in patients with multiple myeloma. Presently, a U.S.
clinical study is assessing the optimal dosing schedule of bisphosphonates in
patients with multiple myeloma according to urine NTx concentrations.

4 Diagnostic Use of Bone Markers

The early diagnosis of metastatic spread to the bones in patients with known
malignant disease might be beneficial, as this allows the early initiation of bone-
targeted treatment, which may avoid or delay secondary complications such as
bone pain and immobility. We might call this secondary prophylaxis or prevention
of skeletal-related events (SRE) due to malignant bone disease. Most studies in
this area have compared biochemical markers of bone turnover between groups of
cancer patients with or without established bone metastases. While this is a sen-
sible and straightforward approach, its validity largely depends on a correct
diagnosis in the ‘‘negative’’ group, that is the group of cancer patients declared to
be free of skeletal disease. Given the different techniques used to prove the
absence of malignant bone lesions, the assumption of a ‘‘negative status’’ might
not always be correct. Additionally, many studies have included patients with
various solid malignancies, and this might also lead to some bias. Lastly, the
potential association between total tumor burden and the respective bone markers
is usually not reported, although this would substantially support the rational for
using bone turnover markers in the clinic. Not surprisingly, the available infor-
mation on the diagnostic use of bone markers in metastatic bone disease is
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controversial. However, the picture becomes more consistent when comparisons
are made between a marker of bone turnover and specific imaging techniques, in
particular bone radioisotope scans in well-defined groups of patients (Ebert et al.
2004; Meijer et al. 2003).

4.1 Diagnostic Use of Bone Markers in Various Tumors

In 2003, Oremek et al. published a study that assessed the diagnostic value of
serum BSAP and PICP in 200 patients with various newly-diagnosed or pro-
gressive solid tumors (Oremek et al. 2003). Both BSAP and PICP were elevated in
patients with confirmed metastases to the bone, and the quantitative elevation of
PICP and BSAP was correlated with tumor burden in the bones. Similarly,
Koizumi et al. found serum NTx and TRAcP-5b to be of value for the diagnosis of
bone metastatic disease in 75 cancer patients with as compared to 201 cancer
patients without skeletal metastases (Koizumi et al. 2003). Pecherstorfer et al.
performed a similar cross-sectional study of 153 patients with various solid tumors
and an equal number of matched healthy controls, and analyzed serum levels of
calcium, total AP, urinary excretion of calcium, PYD and DPD (Pecherstorfer
et al. 1995). Within the total of cancer patients, individuals with skeletal metas-
tases had higher serum concentrations of calcium, total AP, urinary PYD and DPD,
as compared to patients without evidence of malignant bone disease. Urinary
calcium however did not differ between cancer patients with or without bone
metastases (Pecherstorfer et al. 1995). However, a significant proportion of cancer
patients without any evidence of malignant bone involvement also had elevated
urinary levels of DPD, and it remains unclear if these patients later developed
overt metastatic disease of the bone (Pecherstorfer et al. 1995). Finally, Costa et al.
studied serum bone-specific alkaline phophatase (BSAP), C-telopeptide of type-I
collagen (ICTP) and urine levels of NTx in 97 cancer patients with either
metastases to the bones or extraskeletal tissues (Costa et al. 2002). There was a
marked and significant increase of urinary NTx by 152%, and serum ICTP of
144% in patients at the time of disease progression in the bones, and this was
independent of bisphosphonate treatment. At the same time, extraskeletal disease
had no effect on bone markers. The studies by Oremek and Costa suggest that there
is a consistent rise of bone-specific alkaline phosphatase (BSAP) in patients with
various malignant tumors and newly detected bone metastases (Oremek et al.
2003; Costa et al. 2002). However, this has not been confirmed in another study by
Jung et al. (Jung et al. 2006). In the latter study, NTx, TRAcP-5b, OPG and
RANKL were analyzed in the serum of 72 patients with renal-cell carcinoma and
in 68 healthy controls. No bone marker led to the differentiation between patients
with bone and those with non-bone metastases (Jung et al. 2006).
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4.2 Diagnostic Use of Bone Markers in Breast Cancer

In 1991, Paterson et al. compared urinary PYD and DPD in 10 patients with bone
metastases with 10 breast cancer patients without bone metastases, and found a
non-significant difference for the bone markers between the groups (Paterson et al.
1991). Eight out of the 10 patients with metastases had above average urinary
crosslinks, but sensitivity was low. Therefore, the analysis of urinary PYD/DPD is
not recommended for diagnostic purposes in patients with breast cancer. In another
clinical study, Keskikuru et al. analyzed preoperative serum levels of PINP, PICP
and ICTP in 138 women with breast cancer and 94 women with benign breast
disease, both before undergoing local tumorectomy, and 100 healthy controls
(Keskikuru et al. 1999). While the sensitivity of these bone markers was low for
discriminating breast cancer patients from non-cancer patients, a tendency toward
higher serum levels of PINP and low PICP/PINP ratio was found in patients with
advanced stage IV breast cancer (Keskikuru et al. 1999). Ulrich et al. compared
urinary NTx, serum ICTP and serum BSAP in 106 breast cancer patients with
(n = 19) and without (n = 87) bone metastases as diagnosed by bone scintigraphy
(Ulrich et al. 2001). Serum ICTP best discriminated between patients with bone
metastases compared to those without bone metastases, with a specificity of 91%,
but a sensitivity of only 65%. The authors concluded that the sensitivity of these
three markers did not seem to be sufficient enough for early identification of
patients with subclinical bone metastases from breast cancer. Similar results were
reported by Wada et al. who compared serum ICTP, TRAcP, urinary NTx and
serum AP in 114 breast cancer patients without bone metastases, 23 patients with
bone metastases and 19 patients with extraosseous metastases (Wada et al. 2004).
Serum concentrations of ICTP and TRAcP were significantly higher in patients
with bone metastases, and there was also a positive association between the
amount of metastatic bone disease in bone scintigraphy and the concentrations of
ICTP and TRAcP (Wada et al. 2004). In 2005, Lüftner et al. analyzed serum PINP
as a potential marker of metastatic spread to the bones in 38 breast cancer patients
with bone metastases and 24 patients without bone metastases (Luftner et al.
2005). The authors found a sensitivity of 50% for serum PINP to predict bone
metastases at the threshold concentration of 95 ng/mL, and there was a positive
association between elevated serum PINP and the amount of metastatic bone
involved. The authors hypothesized that the low sensitivity for the diagnosis of
bone metastases might be biologically related to ineffective bone repair in certain
patients (Luftner et al. 2005). A further study compared various serum biochemical
markers of angiogenesis, tumor invasion and bone turnover in 29 breast cancer
patients without bone metastases, 28 patients with bone metastases and 15 healthy
women (Voorzanger-Rousselot et al. 2006). Importantly, the authors were also
able to assess these markers over a time of three years in 34 patients, of whom 15
patients developed bone metastases and 19 remained free of bone metastases. All
bone markers were significantly higher in patients with bone metastases as com-
pared to patients without bone metastases and healthy controls. The bone
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resorption markers TRAcP-5b, CTx and ICTP and the marker of angiogenesis
VEGF were independently associated with bone metastases within multivariate
analysis. These four markers correctly distinguished 85% of breast cancer patients
with bone metastases from patients without bone metastases or healthy controls.
Patients with primary breast cancer who developed bone metastases during follow-
up had higher serum levels of TRAcP-5b (+95%,) at the time of primary diagnosis
and higher increases of ICTP during follow-up as compared to patients who did
not progress to bone metastases (Voorzanger-Rousselot et al. 2006). Overall,
markers of bone resorption had the highest independent diagnostic value for
detecting and potentially predicting bone metastases in breast cancer patients.
Three studies in breast cancer patients assessed serum TRAcP-5b (Capeller et al.
2003; Chao et al. 2004; Korpela et al. 2006), a more specific marker as compared
to TRAcP. In the studies by Chao et al., Capeller et al. and Korpela et al., serum
TRAcP-5b was found to be a good surrogate for bone metastases in breast cancer
patients when compared to patients without bone metastases and healthy controls
(Capeller et al. 2003; Chao et al. 2004; Korpela et al. 2006). In the study by Chao
et al., the sensitivity of TRAcP-5b to identify bone metastases in breast cancer was
73%, while specificity was 83% (Chao et al. 2004).

4.3 Diagnostic Use of Bone Markers in Prostate Cancer

In patients with prostate cancer, Ikeda et al. studied the diagnostic value of urinary
pyridinoline (PYD) and deoxypyridinoline (DPD) for bone metastases in 15
patients with benign prostatic hypertrophy (BPH) versus 17 patients with carci-
noma clinically confined to the prostate and 26 patients with overt bone metastatic
disease (Ikeda et al. 1996). Urinary PYD and DPD clearly discriminated between
patients with or without bone metastases, and patients receiving successful
endocrine treatment for metastatic prostatic cancer had suppressed urinary PYD
and DPD levels (Ikeda et al. 1996). Further studies in patients with prostate cancer
showed that bone markers such as BSAP increased the diagnostic value of PSA for
the diagnosis of bone metastases in patients with prostate cancer (Lorente et al.
1999; Wymenga et al. 2001). In the study by Lorente et al., serum BSAP showed a
statistically significant association with the extent of malignant bone disease in
295 patients with newly diagnosed, untreated prostate cancer, 93 of whom had
bone metastases on bone scan (Lorente et al. 1999). Interestingly, serum PSA
concentrations did not show a significant association with the extent of bone
metastases, but the combination of both serum BSAP and PSA was still the best
predictor for malignant bone disease in multivariate logistic regression analysis,
with a positive predictive value of 46.5% and a negative predictive value of 100%
(Lorente et al. 1999). By adding BSAP to PSA for diagnosing metastatic spread to
the bones, 32% of initial bone scans could be avoided. Similarly, Wymenga et al.
showed that patients with newly diagnosed prostate cancer and bone metastasis
had higher urinary DPD levels, and higher serum PSA and AP concentrations as
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compared to patients with localized prostate cancer (Wymenga et al. 2001). In the
latter study, bone scans were taken as the ‘‘gold standard’’ for the diagnosis of
bone metastases. Importantly, bone markers were more specific toward patho-
logical bone processes as compared to PSA that is also dependent on extraosseous
malignant disease, and is also subjected to hormonal manipulation. In 2001,
Koizumi et al. analyzed various markers such as PINP, PICP, BSAP, OP, ICTP
and PSA in 40 patients without and 25 untreated patients with bone metastases
from prostate cancer (Koizumi et al. 2001). The levels of serum PINP correlated
best with the extent of malignant bone disease, with a sensitivity of 72% and a
specificity of 90%, using a threshold level of 47 ng/mL (Koizumi et al. 2001).
Similar results were found in 36 patients with early or advanced prostate cancer,
were PINP was a potent discriminator of bone metastases, with mean serum PINP
concentrations being 18.3, 24.9 and 122.5 ng/mL in patients with negative
(n = 24), equivocal (n = 5) or positive (n = 7) bone scans (Thurairaja et al.
2006). This is supported by a further study from Thurairaja et al., who assessed
PINP in serum of prostate cancer patients with (n = 12) or without (n = 24) bone
metastases (Thurairaja et al. 2006). The authors found patients with positive bone
scans to have significantly higher serum concentrations of PINP as compared to
those not having positive bone scans (112 ng/ml as compared to 18.3 ng/ml). This
is further supported by the study of Koopmans et al., who assessed serum PINP
concentrations in 64 patients with prostate cancer treated between 1999 and 2004
(Koopmans et al. 2007). While serum PINP was a good discriminator of bone
metastatic disease, increased PINP levels in patients with bone metastases were
detectable up to 8 months before the first positive bone scintigraphy (Koopmans
et al. 2007). These data would support the use of PINP concentrations in serum as
an early marker for the risk of developing bone metastases from prostate cancer.

In 2001, Brown et al. assessed the diagnostic value of serum OP concentrations
in 24 patients with advanced prostate cancer as compared to 25 patients with
recurrent prostate cancer, 25 patients with early prostate cancer, 25 patients with
benign prostate hyperplasia and 6 healthy volunteers (Brown et al. 2001). Serum
OP concentrations were significantly higher in patients with advanced prostate
cancer as compared to the other groups, but there was no correlation between
serum OP and PSA values (Brown et al. 2001). More explicit results for OP have
been reported by Jung et al., who found a significant association between serum
OP and bone metastatic spread in 93 patients with prostate cancer as compared to
35 patients with BPH and 36 male healthy controls (Jung et al. 2001). In the study
by Jung et al., the diagnostic sensitivity of serum OP for bone metastases was 88%,
while specificity was 93%. These results were later confirmed by the same group
in 117 patients with prostate cancer, including 44 patients with bone metastases
(Jung et al. 2003). Serum OP was increased in patients with bone metastases, with
a sensitivity of 95% and a specificity of 89% at a threshold concentration of
2.86 pmol/L. Additionally to serum OP concentrations, Narita et al. also assessed
the influence of the two germline genetic polymorphisms 149T/C and 950T/C in
the promoter region of the OP gene in 161 patients with prostate cancer as
compared to 195 healthy controls (Narita et al. 2008). While there was no
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significant difference in the genotype frequencies between prostate cancer patients
and healthy controls, serum OP concentrations increased with age in both prostate
cancer patients and healthy controls. Additionally, OP serum concentrations were
significantly higher in age-matched patients with metastatic prostate cancer as
compared to patients without metastatic disease and healthy controls. These results
suggest that aging and bone metastasis have a major effect on OP serum con-
centrations (Narita et al. 2008).

An ongoing clinical study looks at changes in serum PINP, ICTP and PSA in
roughly 100 men with early prostate cancer, receiving weekly zoledronic acid for
3 months. The primary study endpoint is to assess the relationship between
changes in bone parameters, PSA and bone scans with respect to bone metastases.
This study will give some insight on whether bone turnover markers may spare
bone scans in patients with early prostate cancer, although the study does not
answer the question whether any such effect is independent on the administration
of bisphosphonates.

4.4 Diagnostic Use of Bone Markers in Lung Cancer

In 1997, Aruga published a study comparing 47 lung cancer patients with bone
metastases with 44 patients without bone metastases (Aruga et al. 1997). The
authors found serum ICTP to have the highest sensitivity (71%) for the diagnosis
of bone metastases, with a specificity of 88% and a threshold for serum ICTP of
4.9 ng/mL (Aruga et al. 1997). A similar analysis compared the diagnostic value
of urinary NTx, urinary DPD and total AP in serum from 33 lung cancer patients
with bone metastases as compared to 118 patients without bone metastases (Chung
et al. 2005). The authors found urinary NTx to have the highest sensitivity (73%)
and specificity (84%) for the diagnosis of bone metastases, with a threshold level
of 73 lmol/mol creatinine. Finally, Kong et al. analyzed serum ICTP, BSAP, CTx
and osteocalcin (Bauer et al. 2006) in 96 male patients with NSCLC and 30 male
patients with other pulmonary diseases (Kong et al. 2007). Serum concentrations
of both CTx and ICTP were significantly higher in 61 lung cancer patients with
bone metastases as compared to 35 lung cancer patients without bone metastases,
and significantly correlated with the extent of bone disease. Although ICTP had a
better sensitivity (75% versus 66%) and accuracy (73% versus 69%) as compared
to CTx, they had a similar area under the receiver operating characteristic curve
(0.85 vs. 0.83, respectively). In a Chinese study, Kong et al. analyzed CTx and
ICTP, OC and BSAP in 96 male patients with NSCLC and 30 male patients with
other pulmonary diseases (Kong et al. 2007). Serum concentrations of CTx and
ICTP were significantly higher in 61 lung cancer patients with bone metastases as
compared to 35 patients without bone metastases (p \ 0.001), and significantly
correlated with the extent of malignant bone disease. Sensitivity was 75% and 72%
for ICTP and CTx, respectively; accuracy was 65% and 68% for ICTP and CTx,
respectively. Obviously, sensitivity is too low to justify using these bone markers
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for diagnostic purposes. In 2008, Dane et al. measured urinary DPD, calcium,
serum osteocalcin and total AP in 60 lung cancer patients (Dane et al. 2008). When
bone scintigraphy was performed on all patients, 22 patients turned out to have
bone metastases, and urinary DPD levels were significantly higher in patients with
bone metastases as compared to those without bone metastases (Dane et al. 2008).
As a note of caution, both small-cell and non small-cell histologies were included
into the study of Dane et al.. In a recent study, Karapanagiotou et al. analyzed
the diagnostic value of serum turnover markers OC, RANKL and OPG in 22
NSCLC patients with bone metastases, 18 NSCLC patients without bone metas-
tases, 28 small-cell lung cancer (SCLC) patients and 29 healthy volunteers
(Karapanagiotou et al. 2010). Decreased OC serum levels and increased osteo-
pontin and RANKL serum levels were found in NSCLC patients with bone
metastases (Karapanagiotou et al. 2010).

5 Conclusions

Available information on the prognostic and diagnostic use of bone turnover
markers in cancer patients is from small retrospective studies, and this does not
allow to recommend their use in daily clinical practice at present. Many bioassays
for bone turnover markers have not been validated, and this makes inter-study
comparison difficult. Additionally, circadian variability may also render the correct
interpretation of clinical studies difficult. However, there are some promising
retrospective data on the prognostic and diagnostic value of bone turnover markers
that should be validated in future clinical studies.

5.1 Prognostic Use of Bone Turnover Markers

There is some limited evidence for bone turnover markers to predict the occur-
rence of metachronous bone metastases in patients with early-stage malignant
tumors, with serum PINP and ICTP being the most promising candidates (Jukkola
et al. 2001; Voorzanger-Rousselot et al. 2006; Koopmans et al. 2007). Another
promising bone turnover marker is BSP that is expressed in primary cancer tissues
of various tumors, and is excreted into serum. Accordingly, serum concentrations
of PINP, ICTP or BSP should prospectively be evaluated at the time of tumor-
ectomy in patients with early solid tumors, to define the sensitivity and specificity
of these markers in predicting tumor relapse in the bones. If validated, specific
bone turnover markers may be implemented into clinical practice to enable cli-
nicians to tailor adjuvant treatment to avoid bone metastatic seeding in patients
with early solid tumors. Immunohistochemical expression of BSP in tumor tissue
may be a valid alternative to serum markers, but proper validation of the respective
assays is mandatory before evaluation in prospective clinical studies.
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5.2 Diagnostic Use of Bone Turnover Markers

While serum BSAP, PINP and OP were repeatedly shown to be associated with
synchronous bone metastases in patients with breast or lung cancer, sensitivity of
these markers usually was too low to suggest that these bone turnover marker
might be preferred over conventional bone scans for the diagnosis of bone
metastases. A somewhat higher sensitivity for the diagnosis of bone metastases
was found for urinary NTx and serum ICTP in solid tumor patients, serum TRAcP-
5b in patients with breast cancer and serum BSAP, PINP and OPG in prostate
cancer patients. Available data suggest that the most promising application would
be to add BSAP, ICTP, PINP or OPG to PSA in prostate cancer patients with
suspected bone metastases to spare conventional bone scans. This should be val-
idated in adequately powered prospective clinical studies.
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Osteolytic and Osteoblastic Bone
Metastases: Two Extremes
of the Same Spectrum?

Angelica Ortiz and Sue-Hwa Lin

Abstract

Normal bone development and maintenance are sustained through a balanced
communication between osteoclasts and osteoblasts. Invasion of the bone
compartment by cancer cells causes an imbalance in their activities and results
in predominantly bone lysing or bone forming phenotypes depending on the
origin of the cancer. Tumor-induced bone lesions usually exhibit disturbances
of both cell types. Thus, osteoclast activity is activated in a predominantly
osteoblastic lesion and vice versa. These cancer-induced bone responses favor
the survival and growth of cancer cells in their new environment. Therapies that
can restore the balance may limit the growth of cancer cells in the bone. The
recent development of agents that target the osteolytic components of bone
metastasis, including bisphosphonates and denosumab, showed promising
results in osteolytic bone diseases such as multiple myeloma but were less
effective in improving the osteoblastic bone disease found in prostate cancer.
Thus, while osteolytic components are present in both osteoblastic and
osteolytic bone lesions, inhibition of the osteolytic component is not sufficient
to alter the vicious cycle leading to tumors with an osteoblastic phenotype.
These observations suggest that osteolytic and osteoblastic bone metastases are
not the same and tumor-induced osteoblastic and osteolytic activity play
different roles in supporting their growth and survival.
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1 Skeletal Responses to Tumor Invasion

Bone metastasis commonly occurs in a majority of patients with advanced lung,
breast, and prostate cancer, and with less frequency in patients with carcinoma of
other organ origins. Bone metastases are classified as osteolytic (bone resorbing)
or osteoblastic (bone forming). The processes of bone resorption and bone for-
mation are normally coupled. In a disease state, such as cancer, this coupling is
distorted toward either the osteolytic or osteoblastic phenotype. These terms
mainly describe the overall phenotype of the disease-induced bone responses;
mixed lesions containing both elements are also present. For example, prostate
cancer predominantly yields bone forming lesions (Logothetis and Lin 2005),
however, high osteoclast activity is also present, as indicated by elevated serum
and urinary markers of bone resorption (Clarke et al. 1991; Sano et al. 1994;
Takeuchi et al. 1996). Breast cancer patients predominantly present with osteolytic
lesions, though a few cases show osteoblastic activity (Roodman 2004). Multiple
myeloma is the cancer that mainly develops lytic bone lesions, though myeloma is
not commonly identified as a metastatic cancer (Roodman 2004). Together, this
suggests a spectrum of skeletal responses to tumor invasion (Mundy 2002).
We will focus on the mechanisms that govern the two extreme phenotypes,
i.e. osteoblastic lesion of prostate cancer bone metastasis and osteolytic lesion of
multiple myeloma, and discuss whether inhibition of osteoclast activity by bis-
phosphonates and denosumab is sufficient to alter the progression of these
diseases.
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2 Bone Remodeling in Physiological Conditions

Normal bone development and maintenance are sustained through a balanced
communication between osteoclasts and osteoblasts, cells which aid in bone
destruction and bone formation, respectively, in accordance with mechanical
demands to keep the shape and strength of bone within strict limits (Seeman and
Delmas 2006). These events are coordinated through cell–cell contact and/or
diffusible paracrine factors (Matsuo and Irie 2008). These intercellular commu-
nications act in concert to initiate the bone remodeling cycle. In the normal
condition, the bone remodeling cycle begins in response to stimuli, such as loss of
mechanical loading, low blood calcium, or alterations in hormones/cytokines
(Matsuo and Irie 2008). In response to these changes in the bone environment,
osteocytes secrete regulatory factors to activate osteoclast differentiation (Matsuo
and Irie 2008), which mediates bone resorption. Bone resorption releases growth
factors from the bone matrix, including TGFb and bone morphogenetic proteins
(BMPs) that are abundant in bone (Ott 2002). These molecules then stimulate
osteoblast precursors to begin bone formation. Thus, in normal bone formation,
osteoclast and osteoblast activities are tightly coupled, with bone resorption
(osteoclast) preceding bone formation (Ott 2002). Osteolytic or osteoblastic bone
responses to tumor invasion are due to the imbalance of these two opposing
activities. These cancer-induced bone changes likely in favor of tumor cell growth
and survival in the bone microenvironment.

3 Osteoblast-Induced Vicious Cycle: Bone Remodeling
in Prostate Cancer Bone Metastasis

Prostate cancer metastasis is generally characterized as osteoblastic. Radio-
graphically, prostate cancer bone metastasis showed increased uptake of Tc-99 m
MDP in bone scan (Noguchi et al. 2003). Histologically, the tumor cells are
surrounded with irregular woven bone (Roudier et al. 2003, 2008). Patients with
osteoblastic patterns of bone metastasis not only present with elevated bone-
specific alkaline phosphatase but also bone resorption markers such as urine
N-telopeptide (NTx) (Clarke et al. 1991; Sano et al. 1994; Takeuchi et al. 1996),
suggesting the presence of osteoclastic activity in the predominantly osteoblastic
bone lesions (Clarke et al. 1991; Charhon et al. 1983; Percival et al. 1987; Urwin
et al. 1985). The woven bone found in the bone metastases is structurally weak and
prone to fracture (Roudier et al. 2003). The frailty observed in the skeleton of
patients with osteoblastic lesions may be due to the heterogeneity of lesions with
both osteopenic and osteodense lesions within individuals as determined by
histomorphometric analysis of metastatic biopsies (Roudier et al. 2008).

Prostate cancer growth in bone uniquely favors bone formation. Prostate
cancer patients are generally older males who would normally suffer from
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osteoporosis, but instead present with osteosclerotic growths in radiological
examinations. This suggests a close interaction between prostate cancer cells and
bone forming cells. The mechanism by which this occurs is likely mediated by
interactions between the prostate cancer cells and the different components of the
bone microenvironment (Logothetis and Lin 2005; Choueiri et al. 2006). Many
studies suggest that prostate cancer cells secrete factors that benefit osteoblast
proliferation or differentiation (Dai et al. 2004, 2005; Lee et al. 2011; Li et al.
2008; Lin et al. 2008). Analyses of the conditioned medium from prostate cancer
cell lines identified tumor growth factor-b (Marquardt et al. 1987), endothelin-1
(Nelson et al. 1995, 2003), urokinase-type plasminogen activator (uPA) (Rabbani
et al. 1990), FGF9 (Li et al. 2008), and BMP4 (Lee et al. 2011) that exhibit effects
on osteoblast proliferation and/or differentiation. Samples of osteoblastic bone
lesions from patients with prostate cancer were also studied to determine factors
secreted by the prostate cancer cells that would affect bone formation. These
clinical samples identified BMPs, platelet-derived growth factor (PDGF), fibro-
blast growth factor (FGF), vascular endothelial growth factor (VEGF), and uPA
(Choueiri et al. 2006). Additionally, isolation of protein factors from the bone
marrow aspirates of men with prostate cancer and bone metastasis has also
identified proteins that are involved in osteogenesis (Lin et al. 2008).

Increased osteoblast activity likely favors prostate cancer cell growth in bone.
Factors such as osteonectin, osteopontin, osteocalcin, and bone sialoprotein
secreted by osteoblasts have been shown to affect different prostate cancer cell
functions (Chen et al. 2007; Gordon et al. 2009; Jacob et al. 1999; Khodavirdi
et al. 2006). Bone sialoprotein, for example, increases the activation of the FAK-
associated pathway that leads to increased cancer cell invasion in a Matrigel-
coated Boyden-chamber assay and increased cell survival upon withdrawal of
serum (Gordon et al. 2009). Osteopontin affects prostate cancer cell proliferation,
invasion, and intravasation potential (Khodavirdi et al. 2006).

As osteoblasts secrete factors to increase prostate cancer cell proliferation and
invasion in bone, increased osteoblast activity also leads to an increase in calcium-
phosphate deposition. This results in hypocalcemia-induced secretion of parathy-
roid hormone (PTH) (Murray et al. 2001), which induces RANK ligand (RANKL)
expression in bone marrow stromal cells and osteoblasts. RANKL functions to
promote osteoclast differentiation and activation, leading to bone matrix degra-
dation. This results in the release of growth factor from the matrix, which further
promotes tumor cell proliferation. In addition, it was reported that some prostate
cancer cells secrete RANKL, which could directly activate osteoclasts (Chen et al.
2006; Penno et al. 2009). Thus, the osteoclast activity observed may be due to both
osteoblast hyperactivity and prostate cancer cell involvement. Together, these
osteoblast-induced events may enhance the proliferation and survival of prostate
cancer cells in bone. Thus, we refer to this as the ‘‘osteoblast-induced vicious
cycle’’.

228 A. Ortiz and S.-H. Lin



4 Uncoupling of Bone Turnover by Invasion of Prostate
Cancer Cells

In the normal bone regulation process, bone resorption (osteoclast) precedes bone
formation (Ott 2002). However, in metastatic development of prostate cancer, the
osteoclast–osteoblast coupling is disrupted. This phenomenon was examined by
Lee et al. (2002) using the osteoblastic xenograft LAPC-9 and zoledronate, which
limits the osteoclast activity. The study concluded that osteoclast activity may not
be critical for the development of osteoblastic lesions associated with prostate
tumor cells (Lee et al. 2002). This observation is consistent with the histopa-
thological analysis of human bone metastasis specimens, which showed variable
association of bone formation and bone resorption independent of bone volumes
(Roudier et al. 2008). Together, these observations indicate that prostate cancer
invasion completely uncoupled the normal process of bone turnover.

5 Osteoclast-Induced Vicious Cycle: Bone Remodeling
in Multiple Myeloma

Multiple myeloma promotes osteoclast activation while actively suppressing
osteoblastic bone forming functions, resulting in predominantly osteolytic lesions.
Multiple myeloma is clinically characterized through histomorphometric studies as
having a lower number of osteoblasts and decreased bone formation, suggesting
that osteoblasts are affected in this disease. The mechanism of bone disease in
myeloma is described in Chap. 6. In contrast to prostate cancer, multiple myeloma
bone disease can be described as osteoclast-induced vicious cycle in that myeloma
cells produce or induce other cells in the bone marrow to secrete osteoclast acti-
vating factors to increase osteoclasts. Increased osteoclast activity leads to bone
resorption, which results in the release of growth factors and cytokines from bone
matrix, and these factors further increase the growth and survival of the myeloma
cells. In contrast to prostate cancer, osteoblast activity is suppressed in multiple
myeloma (see Chap. 6). Thus, multiple myeloma and prostate cancer bone disease
represent two ends of a spectrum.

6 Osteolytic and Osteoblastic Bone Metastases: Are They
Two Extremes of the Same Spectrum?

Because an increase in osteoclast activity is involved in both osteolytic and
osteoblastic bone metastasis and growth factors are being released from the bone
matrix during bone degradation, it seems that inhibition of osteolytic activity
should be able to interfere with both osteoclast- or osteoblast-induced vicious
cycles that support tumor growth. Strategies that were developed and applied in
the clinical setting to affect osteolytic events include the use of bisphosphonates

Osteolytic and Osteoblastic Bone Metastases: Two Extremes of the Same Spectrum? 229

http://dx.doi.org/10.1007/978-3-642-21892-7_6
http://dx.doi.org/10.1007/978-3-642-21892-7_6


and targeting the biological regulators of osteoclast activation, e.g. RANKL.
Bisphosphonates are synthetic analogs of pyrophosphate, which act as powerful
inhibitors of osteoclast function and are used to treat osteolytic diseases (Rogers
2003; Roudier et al. 2003). The molecular mechanisms of action of bisphospho-
nates have been extensively reviewed in the other chapters and will not be repeated
here. The nitrogen-containing bisphosphonates, such as zoledronate, affect not
only osteoclasts but also tumor cell apoptosis (Rogers 2003).

The clinical data on the effects of bisphosphonates on prostate, breast, multiple
myeloma, and lung cancers are discussed in detail in several chapters. In multiple
myeloma, clinical data seem to suggest that bisphosphonates, especially the highly
potent zolendronic acid, are able to reduce osteolytic markers, skeletal related
events, and improve overall survival (see Chap. 6). Several bisphosphonates have
been used to treat patients with prostate cancer bone metastases, such as clodro-
nate, ibandronate, pamidronate, and zoledronic acid (Dearnaley et al. 2009;
Heidenreich et al. 2002; Saad et al. 2002; Small et al. 2003). While they are all
able to ameliorate bone pain due to tumor burden, only zoledronic acid has shown
a long-term reduction and delay in skeletal related events (Saad 2008). In clinical
analyses of 648 patients undergoing various treatments, 77% of prostate cancer
patients with vertebral metastasis that were treated with zoledronic acid experi-
enced a reduction in pain and some improved motor function (Cereceda et al.
2003). When overall survival was used as an endpoint, zoledronic acid was shown
to benefit patients with elevated levels of bone turnover markers (Lipton et al.
2008). Because prostate cancer bone metastasis is heterogeneous with a spectrum
of predominantly osteoblastic to predominantly osteolytic phenotypes, the ques-
tion remains whether zoledronic acid is also helpful for those prostate cancer bone
metastasis with predominantly osteoblastic components. In a preclinical study,
Thudi et al. (2008) demonstrated that nude mice injected with Ace-1 and treated
with zoledronic acid showed an inhibition of bone resorption but no significant
difference in osteoblastic lesion. In human specimens, histopathological assess-
ment of osteoblastic metastases from prostate cancer by Roudier et al. (2008)
showed that bisphosphonates do not appear to modify the overall architecture of
bone in prostate cancer bone metastasis. Together, these results suggest that
interfering with the osteolytic components of prostate cancer bone metastasis by
zoledronic acid is not sufficient to change the biology of the osteoblast-induced
vicious cycle.

Denosumab is a human monoclonal IgG2 antibody against RANKL, which
binds and neutralizes RANKL in order to decrease bone resorption. Unlike
zoledronic acid, there is no evidence that denosumab directly affects cancer cell
apoptosis. In multiple myeloma, both bisphosphonates and denosumab can
effectively reduce skeletal related events, and denosumab treatment shared similar
survival benefits as zoledronic acid (Henry et al. 2011). In prostate cancer bone
metastasis, a recent randomized, double-blind study comparing denosumab versus
zoledronic acid for the treatment of bone metastases in men with castration-
resistant prostate cancer showed that denosumab was better than zoledronic acid in
delaying first on-study skeletal-related event by a difference in the median time of
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3.6 months (18%) (Fizazi et al. 2011). However, the overall survival was similar
between the two groups (Fizazi et al. 2011). Thus, the denosumab study seems to
further support our hypothesis that interfering with the osteolytic components of
prostate cancer bone metastasis is not sufficient to alter the biology of the osteo-
blast-induced vicious cycle.

Together, the clinical trial results from using agents that inhibit osteolytic
activity seem to suggest that osteolytic and osteoblastic bone metastases are not
the same. Thus, treatment strategies that target the prostate cancer-induced
osteoblastic responses in addition to the osteolytic responses might be needed for
treatment of bone metastases in men with castration-resistant prostate cancer.
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