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Preface

Skeletal cancers may originate in bone as primary tumors, or arrive there
as a consequence of the metastatic dissemination of cancer cells from
distant sites, giving rise to secondary or tertiary tumors. Progression of
malignant cancers in bone is fostered by the multipotential bone mar-
row stromal cells and the complex cellular milieu to which they give rise,
including osteoblasts, osteoclasts, hematopoietic stem cells, bone marrow
endothelial cells, and their precursors. Changes in genotype and pheno-
type enhance tumorigenicity of cancer cells in bone, as they adapt to
and remodel the bone marrow microenvironment. Because cultured bone
cells that have been in contact with cancer cells for extended time peri-
ods can transform non-tumorigenic cells, it is apparent that bone cells
undergo phenotypic and genotypic alterations during skeletal cancer pro-
gression. Components of the complex bone microenvironment contribute
significantly to the growth and proliferation not only of primary cancers,
such as osteosarcoma or myeloma, but also to the process of metastasis of
epithelial-derived cancers such as prostate or breast cancer.

Bone and Cancer, as have previous volumes of Topics in Bone Biology,
deals with the basic science, translational, and clinical aspects of bone and,
in this case, the relationship to cancer. Written by authorities, the chap-
ters discuss background and history, proceeding to the questions of the
day, with emphasis on what yet is to be learned. The material is of interest
to medical, dental and graduate students, resident physicians and dentists,
bone researchers, and all those concerned with understanding how bone
attracts and becomes home to so many cancers.

Aaron M. Havens, Yusuke Shiozawa, and Russell S. Taichman, in
Chapter 1, discuss in detail the relationship between hematopoiesis and
the bone marrow niche in which hematopoietic stem cells and early
hematopoietic progenitor cells differentiate. The niche integrates changes
in nutrients, oxygen, and in paracrine and autocrine signals that in turn
alter the rate of cell multiplication. The niche is also the site to which metas-
tasizing cancer cells are attracted and where they multiply. The chapter
discusses in cellular and molecular terms how osteoblast surfaces, which
effectively create a niche, play a role in hematopoiesis. Discussion then
proceeds to vascular and marrow niches, the still largely unknown role of
adipocytes, of reticular cells, and to the concept of cells homing to bone
during fetal life and in many cancers.
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The genetics of osteosarcoma, a relatively rare primary bone tumor,
are discussed by Marc F Hansen in Chapter 2. After describing the
histopathology of osteosarcoma, Hansen describes unconventional sub-
types, as well as the more common sarcoma of head and neck. He then
proceeds to analyze the inherited predisposition to osteosarcoma. The
Li-Fraumeni syndrome is discussed, as is the Rothmund-Thompson syn-
drome, and the relationship to Paget’s disease. The remainder of the chap-
ter is devoted to an analysis of the genetics of osteosarcoma, along with
a detailed discussion of the role of genes like RB1, TP53, the role of the
Wnt signaling pathway, genomic stability, and chromosomal instability.
Like most chapters, Chapter 2 is extensively referenced.

In Chapter 3, Rajesh Sehgal, Kristen M. Sanfilippo, and G. David Rood-
man discuss multiple myeloma, the most common hematologic malig-
nancy in adults. After describing the pathophysiology of bone disease in
multiple myeloma, the authors discuss the role of osteoclast activation and
of RANKL and MIP-1a in increasing osteclastogenesis, of PTHrP as the
major mediator of hypercalcemia, and of IL-6 acting to stimulate osteoclast
formation and of IL-7, IL-3, and DKK1 in inhibiting osteoblast activity,
differentiation, and preosteoblasts. The chapter then describes the clini-
cal manifestations of myeloma, including bone destruction, hypercalcemia,
neurologic, and other systemic complications. Diagnosis, prognosis, and
treatment are evaluated. The chapter also discusses Hodgkin’s disease,
non-Hodgkin’s lymphoma, and adult cell leukemia/lymphoma, and their
involvement in bone. This chapter, like many, has pertinent illustrations.

The role of the bone marrow endothelium in cancer metastasis is dis-
cussed in Chapter 4, by Carlton R. Cooper, Robert A. Satcher, Lisa A.
Gurski, and Kenneth L. van Golen. Bone pain, pathologic fractures, spinal
cord compression - termed skeletal-related events — are the result of can-
cer cells metastasizing to bone, a process brought about by bone marrow
endothelial cells that promote entry into the bone marrow and lead to can-
cer growth. The authors describe the natural history of bone cancer, its
prognosis and clinical course, proceeding to an overview of endothelial
cells and their role in bone physiology and tumor angiogenesis. The com-
ponents of the metastatic phenotype are then discussed, with reference to
the Rho GTases, their role in angiogenesis and endothelial cell motility. On
the basis of their own findings, the authors conclude that information on
one cell type, e.g., HUVEC, cannot be extrapolated to other cell types, e.g.,
BMEC. Therefore, therapeutic approaches targeting BMEC cannot be based
on findings with HUVEC. Several tables enhance the value of this chapter.

The role of lysophosphatidic acid in bone physiology and bone can-
cer has been clarified only in recent years. Olivier Peyruchaud and Nor-
man J. Karin, in Chapter 5, describe this molecule, its major in vivo
source, its biological activities, its receptors, its expression in bone
cells, and its rapid effects on bone and cartilage cells. These include
calcium signaling, MAP kinase activation, and rearrangements of the
cytoskeleton. Long-term effects of lysophosphatidic acid are on cell pro-
liferation, survival, and differentiation. The cytoskeleton is also rear-
ranged so as to permit cell movement to take place. As yet little is
known about how lysophosphatidic acid affects gene expression. In
fracture healing, lysophosphatidic acid may modulate proliferation and
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migration of osteoblast progenitor cells to the fracture gap. Evidence is
cited to the effect that this molecule may foster arthritis progression and
that its receptor is expressed in thyroid and prostate cancer cells. Lysophos-
phatidic acid may also play a role in cancer progression, inasmuch as
silencing the molecule reduces disease progression.

The important role the bone microenvironment plays in siting metasta-
sizing cancer cells is dealt with in Chapter 6, by Anna Podolanczuk, Bethan
Psaila, and David Lyden. They discuss specific tumor growth factors like the
vascular endothelial growth factors that modulate angiogenesis, the fibro-
blast growth factor that upregulates fibronectin expression and which in
turn provides an adherence platform for metastasizing cancer cells. Block-
ing these factors may slow cancer progression and several such pharma-
ceutical inhibitors are discussed. An important chemokine that governs
migration patterns of hematopoietic cells is CXCL12, also important for
metastasis, as are angiopoietin and osteopontin, which retain stem cells
in the niche. The authors discuss in detail the role of bone marrow-derived
cells for supporting tumor cell survival, promoting their dissemination and
migration, and their role in building the niche. Genetic regulation and tar-
geting of metastasis is dealt with toward the end of the chapter.

In Chapter 7, Sabine Riethdorf, Volkmar Miiller, Catherine Alix-
Panabiéres, and Klaus Pantel provide information on methods for detect-
ing and characterizing disseminated tumor cells in the bone marrow of
cancer patients. They list advantages and disadvantages of the various
immunocytochemical and molecular assays of these cells and discuss the
significance of detecting them in the bone marrow of patients who have no
signs of clinical metastasis. The assays therefore may have prognostic value.
In addition, characterization of these relatively few disseminated cells may
help define the process of early tumor cell dissemination and therefore help
identify novel therapeutic targets.

Inna Serganova and Ronald G. Blasberg, in Chapter 8, analyze and dis-
cuss molecular imaging of cancer cells in bone. The most widely used
imaging modalities are optical fluorescence, bioluminescence, pho-
ton and single photon emission tomography, autoradiography, gamma
camera, magnetic resonance spectroscopy, diffusion-weighted imaging,
ultrasound, and computed tomography. These techniques are described
and analyzed. The chapter then proceeds to a discussion of genes encoding
receptors, with emphasis on the somatostatin receptors. Imaging of cancer
cells in bone by scintigraphy, magnetic resonance imaging, and positron
emission tomography is described, as is application to mouse models; the
limitations or advantages of each method are evaluated. The chapter con-
cludes by indicating two areas in bone cancer research that need devel-
opment, namely appropriate animal models and multi-modality imaging
strategies.

In Chapter 9, Larry J. Suva, Richard W. Nicholas, and Dana Gaddy
discuss the cytokines and chemokines, signaling molecules that link
inflammatory responses with cancer development. Tumors develop in
a microenvironment that is predominantly managed by inflammatory
cells and that plays a critical role for cancer progression. The chapter
discusses the relationship between this microenvironment, the cells in
that micromilieu, and the cytokines that stimulate metastases to tumor
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progression in bone. They include TNF-a, the interleukins (6, 8, 10, 12,
23), (CXCL12/CXCR4), and TGF-f. Their specific targets and whether they
act to promote or inhibit a particular process are discussed in detail. The
authors conclude by urging the study of the integrated response of cells
within the secreted components in the bone marrow microenvironment.

In Chapter 10, Leland W.K. Chung, John A. Petros, and Mary C. Farach-
Carson take on the complex subject of osteomimicry that occurs during
bone metastasis of many cancers. The authors introduce the concept of
osteomimicry and of some unique signaling phenomena that occur dur-
ing the processes of osteomimicry to create a signaling triad that is asso-
ciated with poor prognosis. They also describe the plasticity of cancer
cells and speculate on the evolutionary significance of cancer cell differ-
entiation. Particular attention is paid to the important role of the cancer-
cell-derived receptor activator, NFkB ligand (RANKL), which can increase
bone turnover and ultimately facilitate cancer growth and survival in bone.
Finally, the authors speculate on how osteomimicry supports signal ampli-
fication leading to cancer progression. Prostate cancer osteomimicry in the
bone niche is used to illustrate how the understanding of the molecular
signaling cascade of ostemimicry may help diagnosis, prediction of pro-
gression, and therapy of prostate cancer metastases.

Bone pain is the most common pain of cancer patients. Patrick W.
O’Donnell, Nancy M. Luger, and Denis R. Clohisy address this question in
Chapter 11, dealing also with the fractures that cancer patients experience
as a result of metastatic disease from osteolytic cancers such as myeloma
or breast cancer. They discuss bone pain treatment by radiation, radiofre-
quency tumor ablation, and the use of radiopharmaceuticals. To be able to
test therapeutic approaches to bone pain, animal models are needed and
discussed, as are various therapeutics and their effect on remodeling. The
authors conclude that the mainstay of treatment of bone cancer pain is opi-
oid analgesia, but there is a need for combined therapies that target the
multiple mechanisms that drive bone pain.

In Chapter 12, David ]. DeGraff, Fayth L. Miles, Ronald R. Gomes,
and Robert A. Sikes discuss in detail small animal models for the
study of the various cancers in bone. They deal with the four routes
of xenograft administration, orthotopic, intracardiac, intravenous, and
intrafemoral/intratibial, in each of the animal models of cancer in breast,
lung, prostate, and kidney, and in models of multiple myeloma and
melanoma. They also take up, where appropriate, transgenic and syn-
geneic approaches, the SCID mouse model into which human bone tissue
is injected, and the occasional spontaneous animal cancer that is a model
for a human cancer. In concluding, the chapter calls attention to the need
to model metastasis.

Hormonal and bisphosphonate therapies have been used in many bone
cancers. Pamela Taxel and Faryal S. Mirza, in Chapter 13, deal in detail with
these therapies in prostate and breast cancer. Hypogonadism is a result
of treatment with gonadotropin-releasing agonists, estrogen or orchidec-
tomy. Taxel and Mirza deal with the consequences of this situation, as well
as treatment of men in their eighties who often are hypogonadic. Hypog-
onadism constitutes a major risk factor for osteoporosis. It requires treat-
ment that diminishes the rate of bone mass loss and the likelihood of a
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pathologic fracture. An interesting consequence of hypogonadism is the
simultaneous loss of estrogen, with the result that bone mass loss is further
amplified. In their analysis of treating breast cancer, the authors deal with
tamoxifen and its effect in lowering osteoporotic fractures, and with the
aromatase inhibitors, which cause a significant lowering of estradiol levels
in postmenopausal women, therefore raising the rate of bone loss and risk
of fractures. They compare treatment with the aromatase inhibitors, anas-
trozole, letrozole, and exemestane, and with tamoxifen, on a short-term
and long-term basis. The chapter then proceeds to a detailed evaluation of
bisphosphonates in the treatment of prostate and bone cancer and to an
examination of the prevention of bone loss with specific bisphosphonates,
including zoledronic acid. The chapter concludes with a call to treat even
moderate osteopenia in patients with breast or prostate cancer and, if ini-
tially there is no sign of osteopenia, to do periodic tests of bone turnover
and bone mineral density to be able to intervene early if bone turnover
remains high or bone mineral begins to decrease.

Chapter 13 discusses treatment of bone cancer due to metastasizing
prostate or breast cancer. Chapter 14, by Charles J. Schneider and Stephen
S. Grubbs, analyzes therapeutic approaches to kidney, thyroid, and lung
cancer. Patients with renal cell carcinoma often have multidrug restistance
and in the past were treated with immunotherapy. The chapter discusses
newer targeted therapies such as monoclonal antibodies against IL-6 or
TNF-q, anti-angiogeneic drugs, or Raf kinase inhibitors. In the discussion
of thyroid cancer, the authors distinguish between well-differentiated car-
cinoma, medullary thyroid carcinoma, anaplastic carcinoma, and actual
or potential treatment for these conditions. Almost half of lung cancer
patients develop bone cancer. The addition of bevacizumab to carboplatin
and paclitaxel, approved by the Food and Drug Administration (USA) in
2006, has led to somewhat longer survival for lung cancer patients and
available results are evaluated. The chapter also adds to the discussion of
available treatment of breast and prostate cancer.

In 1957 Thomas treated two patients with advanced leukemia with infu-
sions of marrow from their identical twins after they had received high-
level radiation. This led to the use of allogeneic transplants in combination
with radiation. In Chapter 15, Jose Francisco Tomas and Sergio A. Giralt
describe and analyze hematopoietic transplants in patients with a genetic
disorder, malignancy, or an intrinsic bone marrow disorder. They distin-
guish between allogeneic, syngeneic, and autologous transplants, describe
treatments that involve radiation or chemotherapy, as applied to acute
lymphoblastic leukemia, chronic myeloid leukemia, or the myelodysplastic
syndrome. The chapter also discusses Hodgkin’s and non-Hodgkin’s lym-
phoma, multiple myeloma, and chronic lymphocytic leukemia. Transplant-
related complications are evaluated. The chapter concludes that although
allogeneic stem cell therapy has cured a variety of hematological malignan-
cies, complications related to graft-vs.-host diseases and disease recurrence
remain major barriers.

The spine is the most common site for cancer that localizes in bone.
Chapter 16, by Marsha L. Haley, Peter C. Gerszten, and Steven A. Burton,
focuses on stereotactic radiosurgery as therapy for metastatic disease of
the spine. The authors review the history of external beam radiation ther-
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apy, including the evolution of radiosurgery, the amount of dose that can
be delivered, with the radiosensitivity of the adjoining soft tissue the lim-
iting factor. Because radiation therapy provides palliation in a significant
majority of patients, radiation oncologists are consulted for evaluation of
patients and the chapter provides guidance on how to evaluate patients and
to devise optimum radiation dosage. Proper dosage depends on accurate
localization of the tumor and the chapter discusses how to achieve that
and full target immobilization. It also discusses stereotactic radiotherapy,
as a compromise between radiotherapy and stereotactic radiosurgery. The
chapter concludes by pointing out that radiosurgery has become an inter-
speciality because orthopedic and neurosurgeons have become members of
the radiation oncology team. This in turn has led to advances and greater
potential for new technology.

This volume is the outcome of clinicians from several specialities joining
with scientists of diverse orientation. It thus illustrates the need and desir-
ability for a multiple and diverse focus on a disease that still is the most
common cause of death. We thank the authors for their dedication and
their willingness to let their contributions become part of a larger, inte-
grated whole. Our thanks go to Springer, publishers of the series, for their
help in assuring quality and in producing a handsome volume. We dedicate
this volume to the many victims of what as yet remains a dreaded disease.

Felix Bronner
Farmington, CT

Mary C. Farach-Carson
Newark, DE
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Blood-Bone Axis and Bone Marrow

Microenvironment

Aaron M. Havens, Yusuke Shiozawa,
and Russell S. Taichman

1.1 Introduction

The function of the bone marrow is to
coordinate hematopoiesis, i.e., the continuous
production of mature blood cells throughout
life. Hematopoiesis often is envisioned as a pyra-
midal/hierarchical process with the least differ-
entiated cells, i.e., those of greatest maturation
potential at the top, hierarchically speaking, and
cells that have undergone terminal differentia-
tion at the bottom. The two major lineages of
terminally differentiated blood cells are those
derived from the myeloid and lymphoid pro-
genitors. Myeloid cells include red blood cells,
platelets, and cells that provide cellular immu-
nity, e.g., macrophages and granulocytes. Lym-
phoid cells comprise T, B, and natural killer cells,
and play a major role in coordinating humoral
immunity.

Experimental data suggest that the
hematopoietic stem cells (HSCs), which are
at the apex of the hematopoietic pyramid,
differentiate into hematopoietic progenitor cells
which in turn can proliferate at a rapid rate or
continue differentiating. HSCs also self-replicate
giving rise to identical daughter cells. These in
turn can enter the progenitor pool. In the adult

1

mouse, HSCs make up approximately 0.0084%
=+ 0.0028% of the total bone marrow cells [53].
Humans are estimated to turnover nearly 10*?
hematopoietic cells daily [62], an output level
that must be maintained throughout a person’s
life. The normal turnover of mature hematopoi-
etic cells ranges from days (granulocytes) to
months (red blood cells) to years (as in the
case of T and B cells involved in immunologic
memory). The demand on HSCs for a constant
supply of hematopoietic progenitors is therefore
substantial. To be able to meet this demand,
HSCs must achieve a balance between differ-
entiation and self-renewal, with cell-intrinsic
and -extrinsic factors influencing the decision
whether cells self-renew or differentiate. Yet,
how the cell decides whether to differentiate or
remain a stem cell remains unclear. For sur-
vival and reproduction to occur, mechanisms
must exist for the integration of and response
to information from the environment, includ-
ing nutrient intake and avoidance of predators,
s0 as to be able to pass on their genome. These
requirements are termed the ‘ecological niche’.
After fetal life, blood cells are produced almost
exclusively by the bone marrow. The bone mar-
row cavity develops as blood precursors migrate
and colonize embryonic bone and cartilage. As a

E Bronner, M.C. Farach-Carson (eds.), Bone and Cancer, Topics in Bone Biology 5,
DOI 10.1007/978-1-84882-019-7_1, © Springer-Verlag London Limited 2009
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result bone and blood cells come into close
association, but whether this is a stochastic
or ordered and directed process has not been
resolved yet.

1.2 The HSCNiche in Marrow

In 1978, Ray Schofield used the term ‘niche’
to describe the physical environment that sup-
ports HSCs [108]. The bone marrow niche is
a microenvironment in which HSCs proliferate,
mature, and give rise to myeloid, erythroid, and
lymphoid progenitors. Within the niche, HSCs
are believed to receive support and growth sig-
nals originating from diverse sources, includ-
ing fibroblasts, endothelial and reticular cells,
adipocytes, and osteoblasts. Signals to HSCs and
early hematopoietic progenitors are believed to
occur in a structure commonly referred to as

Homing/Localization

(o) HSC
o Met Ca
o
CXCL12/CXCR4

Anxa2!Axa2r
N-Cadherin

Tie2/Ang1, OPN
FN/VLA4
ICAM1/VLAS

Bone marrow

Figure 1.1.

Quiescence/Survival

the ‘niche.” The exact structure of this niche is
not known, as antibodies that uniquely define
the structure have not been identified, nor are
there specific assays that define the niche. It is
also unclear what role the HSC niche plays in reg-
ulation of other stem cells, cancer stem cells, or
other mesenchymal stem cells (MSCs) which are
in the niche either by chance or by design. That
niche structures somehow regulate growth and
survival of HSCs is assured principally through
the production of cytokines and intracellular sig-
nals that are initiated by cell-to-cell interactions.

The principal function of the niche is to
integrate local changes in nutrients, oxygen,
paracrine and autocrine signals, and to change
HSC quiescence, trafficking, and/or expansion
in response to signals from the systemic circu-
lation (Fig. 1.1). How this occurs and the identi-
ties of all of the cellular players involved are not
known. Moreover, location of the niche itself is
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controversial, including whether it is located
close to the endosteal or near the vascular sur-
faces; if both surfaces are involved, it is uncertain
how the functions of the two niches are coordi-
nated.

1.3 Components of the Niche

The most critical cellular components of the
niche are probably the HSCs. Identification of
stem cells or early lineage cells depends on cell
surface markers, that is, antigens associated with
states of activation, function, or differentiation.
Because morphological identification of early
lineage cells is not reliable, it is necessary to be
able to identify, in molecular terms, enzymatic
and secondary markers of differentiation. Stem
cell identification, by definition, relies on the
demonstration of the production of a lineage-
committed progeny. For HSCs, the identification
of CD34, c-kit, and lineage-committed mark-
ers (lin”) has made possible stem cell isola-
tion [28, 56, 63]. Nonetheless, the most effective
means to date to distinguish HSCs from progen-
itor cells is to make use of the relatively simple
combinations of SLAM family receptors that are
expressed on murine HSCs [63, 136].

From a functional standpoint, HSCs are
characterized by their ability to establish
multilineage hematopoiesis in lethally irradi-
ated recipients. An in vitro assay to identify
stem cells would be highly desirable, but has
been difficult to develop: first, because stem
cell markers may change in culture and second,
because they are linked to the niche. In vitro
end points that have been proposed include
long-term culture-initiating cells, very-long-
term culture-initiating cells, and cobble stone
areas [53]. However, in vivo assays currently
are the most rigorous and reliable, specifically
one using a competitive repopulation assay
[37, 38, 47]. In that assay, donor cells must be
detectable after 16 weeks, ruling out a possible
contribution by hematopoietic progenitors in
the graft or host. The presence of multilineage
donor-derived cells also must be detectable.
If such an assay is used, the full range of
hematopoietic reconstitution can be observed
even when only single cells are transplanted.

HSCs probably do not rest passively in their
niche. A functional dialog likely exists between
HSCs and the mesenchymal components of the
niche, involving both direct and indirect actions.
The functional interdependence between HSCs
and mesenchymal cells has been explored from
the standpoint of de novo cytokine secre-
tion [120]. When human CD34% bone marrow
cells were co-cultured in direct contact with
osteoblasts, IL-6 synthesis was increased by 222
£ 55% (range 153-288%). During the initial
24-h period the culture of osteoblasts produced
nearly 77% of the total IL-6. Direct cell-to-cell
contact did not appear to be involved [120]. To
our knowledge, these data represent the first
demonstration that untransformed cells of the
osteoblast lineage can, via the production of a
normal bone marrow environment, give rise to
normal hematopoietic progenitor cells.

Recently we have found that among the
molecules involved in the functional dialog
between HSCs and their niche there are sev-
eral members of the bone morphogenetic (BMP)
family that HSCs secrete in response to envi-
ronmental stresses [49a]. As yet, it is not clear
whether the BMP release is a feedback response
to alter the HSC pools directly. Several mem-
bers of the BMP family have been implicated
in regulating proliferation, differentiation, and
renewal of HSCs [2, 11, 22]. Alternatively, the
BMP response may target the mesenchymal pop-
ulation in an effort to increase the size of the
niche [49a]. This inference derives support from
the finding that mice expressing a condition-
ally inactivated BMP receptor type IA (BMPrIA)
have an enhanced HSC pool, the size of which
correlates with the volume of trabecular bone
[140]. These findings suggest that HSCs regulate
the function and size of their niches. HSCs also
seem to be able to direct stromal cell fate and
lineage decisions, an activity that heretofore has
been attributed to the niche itself.

1.4 Endosteal Niches

Cells that adhere to plastic, many derived from
MSCs, support limited hematopoietic activi-
ties. Plastic-adherent marrow stromal or bone
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marrow stromal cells (BMSCs) are thought to
regulate self-renewal, proliferation, and differ-
entiation of the HSCs with the aid of cytokines
and intracellular signals initiated by cell-to-cell
adhesion interaction [77]. In vitro, BMSCs also
promote growth and survival of HSCs and trans-
mit drug resistance to hematopoietic malignan-
cies [10, 69, 101].

As early as the 1970s, studies of the interac-
tions between BMSCs and HSCs had suggested
that events localized at endosteal surfaces and,
by inference, on osteoblast surfaces played a cen-
tral role in hematopoiesis [72, 75, 89-91]. Since
then, it has been shown that osteoblasts are a
crucial component of normal stem cell niches [1,
4,13,118, 121, 140, 141] and that HSCs are situ-
ated in proximity to endosteal bone surfaces and
not randomly distributed in the marrow cavity
[32, 44]. These findings are further supported by
the observation that HSCs lodge near endosteal
surfaces during bone marrow engraftment [85,
98]. Mature osteoblasts are found on endosteal
surfaces and share several phenotypic charac-
teristics with the stromal cell lines that support
hematopoiesis [24, 61, 83, 119].

Osteoblasts are of mesenchymal origin and
are the primary inducers of calcification in the
extracellular matrix. In mammals, osteoblast-
derived matrices function in support of locomo-
tion, constitute a reservoir for essential miner-
als, and, by housing them, protect vital organs
from injury. Traditionally, bone and blood
have been thought to protect the hematopoi-
etic process. Yet, proximity does not necessar-
ily mean that there exists a functional or sym-
biotic relationship [125]. In the past, osteoblasts
were thought to regulate hematopoiesis because
osteoblasts induce expansion and maturation of
osteoclasts from hematopoietic precursors and
activate osteoclastic bone resorption [104, 105].
Consequently, the signals emitted by osteoblasts
may act not only on osteoclasts, but also on
hematopoietic cells.

Findings from multiple in vivo studies impli-
cate osteoblast involvement in hematopoiesis
because they create a niche.Among the earliest
in vivo studies are investigations pertaining to
the role of the core-binding factor a 1 (Cbfal)
or Runx-2, a transcription factor of the runt-
domain gene family. Cbfal-deficient mice lack

both intramembranous and endochondral bone
because osteoblasts of mice cannot complete
maturation. Homozygous Runx-2~/~ animals
are dwarfed, unable to breathe, and die imme-
diately after birth [25, 66]. The lack of osteoblas-
tic maturation also results in a total lack of bone
marrow in the entire skeleton. In these embryos,
the number of hematopoietic precursors in the
yolk sac is normal at embryonic day E10.5 and
normal in the liver at E12.5 [21]. Even as late
as E17.5, no significant changes in hematopoi-
etic populations are noted. Just prior to birth,
however, the mutant animals develop excessive
extramedullary hematopoiesis in the liver and
spleen, and large hematopoietic foci in the peri-
portal area. The number of mature granulo-
cytes is increased on E18.5, as is the number of
immature hematopoietic cells in the peripheral
blood [21]. Mice deficient in the core-binding
factor 88 (Cbfb, or polyomavirus enhancer bind-
ing protein 28 (PEBP2B)) die around E11.5-
E13.5 because fetal liver hematopoiesis does not
occur and because of hemorrhage in the cen-
tral nervous system [107, 132, 133]. Cbfb plays
an essential role in Runx-2-dependent skeletal
development by enhancing the DNA binding of
Runx-2 and Runx-2-dependent transcriptional
activation. The mutant animals also have poorly
developed marrow cavities [137]. When Cbfb
is introduced into Cbfb~/~ animals driven off
from the GATAI hematopoietic promoter, the
hematopoietic phenotype is largely rescued and
the animals survive until birth, but bone forma-
tion is severely delayed [137].

Deguchi et al. [21] noted that the
extramedullary  hematopoiesis  phenotype
observed in the Runx-2-deficient mice is sig-
nificantly different from the extramedullary
hematopoiesis that occurs secondary to the
congenital lack of osteoclasts observed in
osteopetrosis in young OP/OP mice [8, 84],
c-fos-deficient mice [134], c-src-deficient mice
[72], and the double-mutant hck and src mice
[73]. Thus, the migration of hematopoietic
precursors appears perturbed by a lack of
bone marrow cavity in Runx-2~/~ embryos
at a time when the hematopoietic precursors
should have migrated to the bone marrow.
In comparable fashion, skeleto-hematopoietic
perturbations result from alterations in the
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condensation/hypertrophy of cartilage precur-
sors. For example, deletion of collagen X or
vascular endothelial growth factor (VEGF) leads
to a phenotype unable to replace hypertrophic
cartilage by normal mechanisms [34, 45]. In the
collagen X deletion animals, the unsuccessful
establishment of the marrow in bone leads to
hematopoietic changes, including altered B-
and/or T-cell profiles [34, 45]. Mice also exhibit
a similar phenotype in the absence of VEGF [30,
81]. VEGF family members play an essential
role in the recruitment of vascular precursors
required for blood vessels to be able to invade
the endochondral bone anlage and to bring
about chondrocyte apoptosis. This in turn is
likely to have direct effects on the HSCs [30, 81].
Thus, disruption of VEGF expression or activity
not only leads to defects in bone length and to
an expansion of the hypertrophic chondrocyte
zone, but also interrupts the establishment of
a marrow cavity that normally supports the
migration of incoming HSCs [30].

Additional  findings  suggesting  that
osteoblasts play a vital role in hematopoi-
etic processes are due to the discovery that
inactivation of BMPrIA nearly doubles the
number of HSCs present in the marrow com-
pared to what is found in the wild-type controls
[140]. Co-localization studies have shown that
N-cadherin* osteoblastic cells exhibit similar
distribution patterns of HSCs, with N-cadherin
asymmetrically localized to the cell surface of
HSCs. Calvi et al. [13] have provided comparable
data which indicate that overexpressing con-
stitutively active PTH receptors also increases
the number of HSCs in the marrow [13]. In this
situation, Notch-1 signaling in HSCs matches
closely with Jagged-1 receptors on osteoblasts.
Moreover, treatment of normal animals with an
anabolic regime of PTH also expands the HSC
population in the marrow, possibly because of an
increase in osteoblast precursors. Puri and Bern-
stein [97] have shown that neither Tiel nor Tie2
receptors are required for fetal hematopoiesis,
or for the emergence of definitive HSCs, but
that both are required for adult hematopoiesis.
Arai et al. [4] demonstrated that angiopoietin-1
(Ang-1) expressed by osteoblasts activates Tie2
and promotes tight adhesion of stem cells to
their niche. Presumably this adhesion results in

HSC quiescence and survival, permitting stem
cell maintenance and self-renewal [4] (Fig. 1.1).

A direct approach to defining the role of
osteoblasts in development has come from
transgenic animals in whom the osteoblast-
specific promoter osteocalcin caused diphthe-
ria toxin to be expressed [116]. Later, transgenic
mice were developed that had a gene composed
of a 1.3-kb fragment of the mouse osteocalcin
gene 2 (OG2) promoter so as to express the her-
pes simplex virus thymidine kinase (Hsv-Tk)
gene [18]. In the most definitive set of studies,
thymidine kinase expression was put under con-
trol of a 2.3-kb type I collagen al (Collal) pro-
moter fragment [126]. This promoter, like the
osteocalcin promoter, is largely restricted to act
on differentiated osteoblasts, but is expressed at
an earlier point than the osteocalcin promoter
used previously [18]. In 8-week-old mice bear-
ing the Col2.3ATk transgene treated with gan-
ciclovir (GCV) most osteoblasts had died, bone
marrow cellularity was reduced, and the number
of osteoclasts was markedly decreased. In the
marrow, B cells and erythroid progenitors were
reduced as early as 8 days following GCV treat-
ment. These effects were coupled with a progres-
sive loss of stem cells in the bone marrow. This
should have led to death from hematological
failure. The animals survived, however, because
an active extramedullary hematopoietic process
had been established [55, 142].

In vitro evidence exists also for an osteoblas-
tic HSC niche role (Fig. 1.1). We have observed
(Jung et al., submitted) that soluble signals
secreted by HSCs establish a paracrine loop with
osteoblasts which is essential for stem cell sur-
vival. It seems therefore that HSCs directly mod-
ulate the formation of a hematopoietic microen-
vironment or niche. Moreover, although direct
cell-to-cell interactions are not essential for
hematopoietic activity, a receptor-ligand inter-
action between the very late antigen-4 (VLA-4)
and the leukocyte function-associated antigen-
1 (LFA-1) complexes is necessary. Recombi-
nant ligands such as fibronectin, intercellular
adhesion molecule-1 (ICAM-1), and vascular
cell adhesion molecule-1 (VCAM-1) provide
additional engagement or replace the VLA-
4/LFA-1 complexes for direct cell-to-cell inter-
actions. The latter induce changes in receptor
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levels on osteoblasts of key cell adhesion
molecules. Precise details are not known, but
N-Cadherin, Wnt signaling pathways, Notch-
1/Jagged-1 interactions, and osteopontin and
Ang-1/Tie2-mediated events [23] are believed to
be important in the establishment of a func-
tional dialog between HSCs and their niche
[4, 13, 26, 86, 110, 140]. Furthermore, cell-
associated or matrix-bound cytokines including
IL-3, Flt3 ligand, granulocyte/monocyte colony
stimulating factor (GM-CSF), stem cell factor
(SCF), and transforming growth factor-p1 (TGEF-
1) may also contribute to the adhesion events
(33, 36, 109, 124].

The precise mechanism as to how HSCs local-
ize to the endosteal surfaces is yet to be delin-
eated. However, the vitronectin receptor (a,{3;
integrin) on osteoblasts binds to many pro-
teins abundant in bone [42]. LFA-1 and VLA-4
are involved in the adhesion of tumor infiltrat-
ing lymphocytes and in osteoclast-to-osteoblast
interactions [27, 122]. N-cadherin, Tie2, and
Jagged-1 molecules may be crucial to the process
that supplements LFA-1/VLA-4 adhesions [4, 13,
140]. Other molecules in the bone marrow also
may be involved in the localization of HSCs to
the endosteal surfaces. Cell surface studies have
shown that multiple cell adhesion molecules are
likely to take part in encounters between early
HSCs and osteoblasts. Furthermore, final affin-
ity and avidity would extend beyond the iden-
tification of a candidate molecule, inasmuch as
many adhesion molecules exist in multiple iso-
forms and glycosylation states and can exhibit
different conformations.

Osteopontin, a highly acidic glycoprotein
secreted by osteoblasts, is involved in events
within the hematopoietic niche [86, 110].
Osteopontin has multiple functions, including
involvement in cell adhesions, angiogenesis,
apoptosis, inflammatory responses, and tumor
metastasis; until recently osteopontin was not
known to have a major role in regulating HSC
proliferation [86]. Osteoblasts appear to be the
sole cells that give rise to osteopontin in the
bone marrow microenvironment. This glycopro-
tein’s multiple functions can be ascribed to vari-
ous post-translational modifications of the bind-
ing sites in receptors. It is linked to bone min-
eralization and resorption through Runx-2 and
Notch signaling pathways [110]. Osteopontin’s

role in hematopoiesis is to inhibit HSC prolif-
eration, possibly to serve as a chemoattractant
and an adhesion molecule [86, 110, 111]. In vivo
knock-out studies suggest that this glycoprotein
contributes to maintenance of HSC quiescence.

Lack of oxygen in the endosteal regions
may regulate hematopoiesis there. For example,
when oxygen tension was reduced from normal
to 1-3%, hematopoietic output was increased
90- to 200-fold [88]. Conceivably hypoxia pro-
tects HSCs from the build-up of free oxygen
radicals. When pimonidazole was used to iden-
tify regions of hypoxia, the highest concen-
tration of HSCs was localized in low-oxygen
niches of the bone marrow. HSCs are character-
ized by high expression levels of the calcium-
sensing receptors, N-cadherin, Notch 1, p21,
Tert, Bcrp, and low expression levels of p53,
p38,and mTOR. Importantly, p21 maintains qui-
escence, while p53 reduces oxidative stress on
HSC populations, perhaps because of its antiox-
idant functions [46]. In contrast to low-reactive
oxygen species (ROS) HSC populations, high-
ROS HSCs have increased expression levels of
mTOR and phosphorylated p38+ cells. Inter-
estingly, these populations can be recovered by
inhibiting p38 with rapamycin or mTOR, which
increase the antioxidant activity. Therefore, the
unique hypoxic properties of the endosteal niche
are likely to contribute to the low-ROS HSCs
[46].

Using a slightly different genetic approach,
Suzuki et al. [115] established GFP “knock-
in” mutant lines in which the GFP cDNA
was inserted into the GATA2 first exon by
germline targeting. As expected, HSCs were
isolated by monitoring GFP expression from
the knock-in mice. Real-time monitoring of
GATA2-expressing HSCs in living bone marrow
showed that individual GFP-positive cells lay in
a GO/G1 cell cycle state, in intimate contact with
osteoblasts next to the endosteum, at the edge of
the bone marrow [115]. Suzuki and co-workers
have concluded [115] that the HSC niche is com-
posed of solitary cells and that adult bone mar-
row HSCs are not clustered in the marrow.

In a recent work by our group [49], osteoblas-
tic membrane proteins were separated on non-
denaturing discontinuous gels and blotted with
labeled hematopoietic cell lines, resulting in
two major adhesive bands, annexin II (Anxa2)
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monomers and multimers. Anxa2 was found
to be preferentially expressed by osteoblasts at
the endosteal surfaces and by endothelial cells
in the marrow [49]. Antibody against Anxa2
blocked the adhesion of HSCs to osteoblasts.
Parallel results were seen with Anxa2 siRNA
knock-down. Overexpression studies demon-
strated decreased or enhanced binding. These
findings were verified with the aid of primary
human HSCs and osteoblasts where the bind-
ing of the progenitor cells was linked to Anxa2
[49]. Peptide mapping demonstrated that the
majority of the binding activity resides in the
N-terminal aspect of the peptide. Most criti-
cally, studies of HSC engraftment (i.e., short-
term HSCs lodging in the marrow) and mul-
tilineage repopulation studies demonstrated a
sharp decline in HSC activities when Anxa2 N-
terminal peptide fragments or antibodies were
used in transplantation of marrow in lethally
irradiated animals. Together, these in vitro and
in vivo data suggest a novel role for Anxa2 in the
marrow microenvironment and niche selection
(Fig. 1.1).

1.5 Vascular Niches

Recent work by several groups suggests that
in addition to partitioning the vascular and
extravascular marrow spaces, bone marrow
endothelial cells (BMECs) also regulate HSCs by
functioning in a niche capacity. Evidence for
this function comes from immunohistochemi-
cal studies and the use of simple marker com-
binations. These are called SLAM family recep-
tors, and include CD150, CD244, and CD48. By
means of these, HSCs have been identified as in
close physical association with endothelial cells
[53, 136]. A BMEC niche for HSCs would be in
a position to rapidly mobilize large quantities
of stem cells to the periphery so as to respond
to systemic challenges. However, whether this is
the case and whether there is circulation or com-
munication between the vascular and endosteal
or osteoblastic niches has been difficult to estab-
lish [40, 57, 58].

Dar and colleagues [20] have shown that
CXCR4, expressed on the BMECs, plays an
important role in the homing of human CD34+

hematopoietic progenitors to the bone marrow
by causing circulating stromal-derived factor-1
(SDF-1 or CXCL12) to translocate to the bone
marrow. CXCL12 has been shown to regulate
HSCs in both vascular and endosteal niches [92,
94, 96]. By secreting growth factors such as
the insulin-like growth factor binding protein-
3 (IGFBP-3) BMECs induce HSC proliferation
and expansion [14]. This implies that endothe-
lial cells regulate HSC function and contribute
to the creation of HSC niches, as they do in the
nervous system [53, 136].

BMECs also play a critical role in throm-
bopoiesis [5], with CXCL12 and fibroblast
growth factor-4 (FGF-4) inducing the localiza-
tion and adhesion of megakaryocytes to the
BMECs. Direct contact between megakaryocytes
and BMECs promotes survival, maturation, and
release of platelets through the VE-cadherin
and/or VLA-4/VCAM-1 axis [5], which therefore
likely plays a critical role in HSC trafficking [9,
93,127, 135].

It has been suggested that HSCs in differ-
ent niches are in different states of activation.
According to one model, osteoblasts maintain
the quiescent state of HSCs, whereas BMECs
cause HSCs to differentiate and proliferate. If
this is true, HSCs would be more deeply qui-
escent in an endosteal than in an endothelial
niche. Then, in response to stress (infection,
allergy, or bleeding), HSCs would proliferate
in the endothelial niche or migrate there, ulti-
mately entering the circulation. The reverse pro-
cess would then constitute a means to induce
quiescence in endosteal sites or niches. As yet
this process remains speculative, but is currently
subject to intense investigation.

1.6 Other Marrow Niches

Adipocytes: Apart from the well-characterized
interactions of osteoblasts and endothelial
cells and their associated niches, little is
known about the adipocytes that constitute
the most prevalent cell type in the marrow
microenvironment. There is ample evidence
that adipokines play an important role in regu-
lating hematopoietic processes.Adipocytes are
always present in long-term cultures, and their
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presence is thought to facilitate lymphopoiesis
and granulopoiesis. Following lethal irradiation
of the host, adipocytes make their appearance
after 7 days, as is also true at the beginning
of hematopoiesis. Adipocytes secrete soluble
factors (IL-6, IL-8, prostaglandin, leptin) that
are critical components in hematopoiesis.

Adiponectin mayhave arole in hematopoiesis.
It is produced by differentiated adipocytes,
osteoblasts, fibroblasts, and, along with other cell
types, occurs in the hematopoietic niche [23].
Activation of adiponectin receptors (AdipoRl1,
AdipoR2, and T-cadherin) leads to insulin sen-
sitivity, glucose uptake, and fatty acid oxidation;
this indicates a role in cellular processes that
require high energy, for example, proliferation.
Cells in the marrow microenvironment express
adiponectin,and HSCs express adiponectin (Adi-
poR1) receptors for which adiponectin is the sole
ligand. Adiponectin supports normal HSC func-
tion and proliferation [23]. When HSCs enter the
G1 phase ofthecell cycle, AdipoR1is upregulated,
an indication that adiponectin promotes prolif-
eration. If this signaling pathway is impaired, as
in the AdipoR1 knock-down animal, HSCs fail to
proliferate or to reconstitute lethally irradiated
hosts.

Adiponectin impacts HSC function via p38
MAPK pathways. When the p38 pathway is
inhibited, adiponectin-mediated proliferation is
abolished. When the p38 pathways are activated,
as via IL-3, erythropoietin, G-CSFs and HSC
proliferation is enhanced. Thus, adiponectin-
mediated activation of p38 is critical to the pro-
liferation events in hematopoiesis [23].

1.7 Reticular Cells

Reticular cells are among the least understood
marrow cells. Under normal steady-state con-
ditions, they express alkaline phosphatase, but
not a-SMA. Studies suggest that these large cells
represent specialized pericytes of venous sinu-
soids in the marrow. Adventitial reticular cells
of venous sinusoids accumulate lipids and con-
vert to adipocytes [12]. These cells may also be a
major source of the regulatory protein CXCL12.
Using a ‘knock-in’ approach Sugiyama et al.

showed that many HSCs are in contact with
cells that express high amounts of CXCL12. The
authors term these CXCL12-abundant reticular
(CAR) cells. Because CAR cells surround sinu-
soidal endothelial cells or are located near the
endosteum, they appear to be a key component
of both vascular and endosteal niches in adult
bone marrow.

1.8 HSCHoming to the Marrow
and Occupancy

It is well documented that HSCs ‘home’ to
bone during fetal life and during transplanta-
tion [98, 123]. Of the numerous chemokines
and molecules that regulate stem cell matu-
ration, trafficking, and homing [6], CXCL12
(SDF-1o0 and SDEF-1P) belong to the C-X-C
chemokine family and were originally isolated
from a murine BMSC line [80]. SDF-la and
SDF-18 are derived by alternative splicing of the
CXCL12 gene and have similar biological activi-
ties. CXCL12 is widely expressed in many tissues
during development, its expression often juxta-
posed with that of its receptor (CXCR4) [75].
A different CXCL12 receptor, CXCR7/RDCl, has
been cloned and reported, but little is known
about its role with respect to HSCs [7, 69].
CXCL12 and CXCR4 appear essential for bone
marrow formation [3, 54]. Hematopoiesis is nor-
mal in the fetal liver of CXCL12 or CXCR4
knock-out animals, but hematopoietic cells do
not become engrafted [3, 79, 94]. CXCL12 is a
powerful chemoattractant for mature and early
hematopoietic cells that express the CD34 anti-
gen [43]. CXCL12 also promotes survival of
clonogenic progenitors [64, 65]. Overexpression
of CXCR4 by human hematopoietic progeni-
tor enhances and anti-CXCR4 antibodies inhibit
marrow engraftment in nude mice [94]. Thus,
CXCLI12 is critically important in establishing
hematopoiesis in marrow niches.

Molecules responsible for the regulation of
cell trafficking, e.g., CXCL12 and its receptor
CXCR4, have dynamic and complementary
expression patterns during organogenesis
[75]. Osteoblasts and marrow endothelial cells
express CXCL12, which then leads to drive
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hematopoietic progenitor cells into the marrow
[35, 94, 130]. In the bone marrow, CXCL12 is
constitutively produced by osteoblasts, fibro-
blasts, endothelial cells, and possibly CAR cells
[48, 95, 113]. Osteoblast-produced CXCL12 may
cause circulating osteoclast precursors to move
into bone marrow and to migrate to perivascular
stromal sites where they would activate nuclear
factor-kappaB ligand (RANKL) to induce dif-
ferentiation into osteoclasts [138, 139]. Because
marrow formation is likely to require coor-
dinated action of osteoblasts and osteoclastic
precursors, the absence of osteoblasts producing
CXCL12 or of hematopoietic cells expressing
CXCR4 could limit osteoclastic and subsequent
HSC recruitment into the marrow cavity.
Thus, CXCL12 and CXCR4 represent important
determinants for bone marrow homing by
hematopoietic cells (Fig. 1.1).

1.9 Parasitism of the Niche
by Cancers

Many neoplasms tend to metastasize to bone.
These include prostate cancer, breast cancer,
neuroblastoma, and others that lead to signif-
icant morbidity and mortality. However, what
the molecular and cellular processes are that
cause tumors to metastasize to the marrow
remains unclear. Multiple factors are certain to
be involved, including the acquisition of the
ability to metastasize, chemotactic responses to
bone-derived factors, preferential adhesion to
bone marrow endothelium, and the interaction
of cancer cells with the bone microenvironment.

Metastasis involves cell-to-cell and cell-to-
matrix interactions that are mediated by cell sur-
face adhesion molecules. In addition, specific
signaling pathways are essential. The regulation
of these chemokines, cytokines, proteases, and
adhesion molecules in tissue-specific sites may
influence the pattern of metastasis. For example,
Kang et al. [50] and Minn et al. [76] have shown
that different breast cancer cells have genetic
markers that metastasize to either bone or lung.
The loss of genetic material may increase the
potential for metastasis. For example, if KiSS1
is deleted or rearranged in melanomas and

breast cancers, the cells cannot downregulate
matrix metalloproteinase-9 (MMP-9). This in
turn results in increasing the metastatic behav-
ior of the cancer [51]. Receptor/ligand pairs
can also help explain the propensity of certain
cancers to metastasize to specific tissue loca-
tions, as in the case of CXCR4 and its ligand
CXCL12 (Fig. 1.1). CXCR4-expression in breast
and prostate cancers provides a chemotactic axis
for site-specific metastasis with high CXCL12
activity. Local environmental changes are also
critical for tissue-specific metastasis. Changes
in the environment that include inflammatory
responses, matrix remodeling, increased ROS,
and local expression of soluble factors are crit-
ical for establishing a microenvironment that is
receptive to tumor metastasis [52].

In the niche, tumor and stromal cells secrete
soluble factors critical to directing the vascu-
larization network to support tumor growth
and subsequent metastasis. VEGF-A is respon-
sible for the activation of bone marrow-derived
hematopoietic progenitor cells and endothelial
progenitor cells that are required for neovas-
cularization. In the initial growth of a pri-
mary tumor, the recruitment of VEGF recep-
tor 2* (VEGFR2") endothelial progenitor cells
and VEGFR1" hematopoietic progenitor cells is
essential for the development of microvascular
networks within the tumor [52].

Early in the establishment of a pre-metastatic
niche, VEGFR1* hematopoietic progenitor cells
cluster in the parenchymal tissue before car-
cinogenic cells reach the tissue. Clustering is
aided by the production of VLA-4 and MMP-
9. As the progenitor cells cluster, fibronectin is
produced and helps create an environment that
permits adhesion and engraftment of metastatic
cells [40, 41, 52, 99]. VLA-4 and MMP-9 also
degrade the basement membrane so that a pre-
metastatic niche can be formed. This alteration
of the microenvironment leads to the expres-
sion of integrins and chemokines (e.g., CXCL12)
which will support the engraftment and pro-
liferation of metastatic cancer cells. Following
the engraftment of metastatic cells, VEGFR2"
endothelial progenitor cells are recruited to
the pre-metastatic niche to further establish a
vascular network [40, 41, 52, 99]. Inhibition
of VEGFR1" prevents the establishment of a
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pre-metastatic site. Similarly, when VEGFR2"
is inhibited, the micrometastases that form are
small, because there is no vascular network.
In summary, VEGFR1" hematopoietic progen-
itor cells provide the framework for establish-
ing a pre-metastatic niche, whereas VEGFR2"
endothelial progenitor cells support the vascular-
ization of implanted metastatic tumor cells [52].
Primary tumors release soluble factors that
induce the mobilization of non-malignant cells
into organ systems in order to play a major
role in establishing a pre-metastatic niche in
which metastasizing cells can lodge. To accom-
plish this requires the induction of multiple fac-
tors including, but not limited to, chemokines,
proteases, adhesion molecules, and inflamma-
tory molecules [41]. Pre-metastatic niches are
supported by various soluble factors that pro-
mote adhesion and invasion of mobile can-
cer cells into these environments. One interest-
ing study has shown that TNF-a, TGF-f, and
VEGF-A secreted by primary tumor cells induce
expression of SI00A8 and S100A9, molecules
that may be responsible for the specific hom-
ing patterns observed, such as metastasis to the
lung [41]. Hiratsuka et al. [41] have reported that
S100A8 and S100A9 increased mobilization and
homing of cancer cells to the lungs, as well as
priming the pulmonary tissue for metastatic
colonization. The chemokine-induced expres-
sion of specific $100-chemokines by a primary
tumor is an example of a facilitating mech-
anism to prime a target tissue so that can-
cer cells can be established [41]. It is not yet
known, however, whether S100A8 and S100A9
are expressed solely at pre-metastatic niches or
randomly through the lung. Moreover, because
$100-chemokines are expressed at higher levels
in the lungs than in liver and kidneys, tumor
metastasis involves additional factors [41].
Molecules involved in tumor cell metasta-
sis must first be expressed in endothelial cells
of the target organ, because the tumor cells
must attach first to the endothelial cells of
vessels supplying the bone marrow. CXCLI12
expression has been confirmed in endothelial
cells of human arterioles and arteries from
lung, liver, and bone marrow [95]. In addition,
endothelial-derived CXCL12 promotes extracel-
lular matrix-dependent tube formation and vas-

cularization during organogenesis [102, 106].
These results suggest that the CXCL12/CXCR4
axis plays a role in angiogenesis and, in addi-
tion, that endothelial-derived CXCL12 stimu-
lates tumor cells that express the CXCR4 recep-
tor.

Work by our group and others has defined the
role that CXCL12 and its receptors (CXCR4 and
CXCR7/RDC1) play in prostate cancer metasta-
sis [17, 39, 82, 113, 114, 117, 131]. In prostate
cancer, CXCR4 expression is associated with a
corresponding increase in tumor grade [113].
Moreover, CXCL12 signaling through CXCR4 by
activating CD164 and o, 835 integrins triggers the
adhesion of prostate cancer to BMECs [112].
Also, the tissue levels of CXCL12 and the sites of
metastatic prostate cancer lesions are positively
correlated. This suggests a selective effect (pelvis,
tibia, femur, liver, and adrenals) [114]. Most crit-
ically, administration of the antibody to CXCR4
in mice significantly reduces the degree of bone
metastasis by prostate cancer cells [114].

The same applies to CXCR7/RDC1 (JH Wang,
Submitted). Signals generated by SDF-1 bind-
ing induce AKT and MAP kinase pathways
[128, 131] and inhibit the secretion of intra-
cellular proteins normally associated with glu-
cose metabolism (phosphoglycerate kinase 1 or
PGK1). PGKI1 is involved in angiostatin gen-
eration [129]. Therefore, when metastasizing
prostate cancer cells locate in a region rich
in CXCL12, PGK1 secretion is inhibited. This
generates an ‘angiogenic switch’ [129]. Other
tumors that metastasize to the marrow have
given rise to similar events [29, 31, 50, 59, 70, 78,
103]. Therefore, CXCL12/CXCR4 seems to play a
central role in bone metastasis (Fig. 1.1).

1.10 Conclusions

In 1889, Stephen Paget proposed a ‘seed and soil’
metaphor to explain the marked affinity of can-
cer cells for different tissues, “when a plant goes
to seed, its seeds are carried in all directions; but
they can only grow if they fall on congenial soil”
[87]. There is obvious similarity between Paget’s
proposal and the current concept that most can-
cers likely originate from alterations in somatic
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stem cells. This concept is attractive because
it explains why many cancers resist cytostatic
agents that target rapidly dividing cells, but fail
to cure because cancer stem cells, like other stem
cells, progress slowly through the cell cycle [15,
60, 100]. The cancer stem cell hypothesis also
explains why metastases are relatively restricted
inasmuch as it requires that the rather rare stem
cells establish metastasis. Germane to the cur-
rent concept is the notion that if cancers are to
metastasize, they need to engage specific locales
or ‘niches’ in remote locations.

Most cancers contain a small number of func-
tionally distinct cancer stem cells. It is an open
question, however, what attributes are needed
for a cancer stem cell to establish a niche. Stro-
mal cells produce CXCL12 which regulates hom-
ing to the bone marrow by HSCs that express
CXCL12 receptors (Fig. 1.1). Conceivably the
CXCL12 pathway to marrow localization applies
more widely (Fig. 1.1).

One common feature of niche or osteoblast-
supported hematopoiesis is the requirement
for cell-to-cell contact. Indeed HSC survival
is strongly dependent on adhesive interactions
with osteoblasts in vitro. HSC survival, HSC
progression through the cell-cycle, leukemoge-
nesis, and HSC homing to the bone marrow
are all linked to adhesive interactions between
stem and stromal niche cells (Fig. 1.1). In can-
cer, as in hematopoiesis, the HSC niche is uti-
lized for localization, growth and survival in
bone (Fig. 1.1). Our understanding of tumor-
HSC niche interactions is still in its infancy. As
in hematopoiesis, so in cancer CXCL12 produced
by the niche participates in the regulation of
prostate cancer metastasis and proliferation [16,
17, 19, 50, 68, 112-114, 121, 131]. It therefore
seems that osteotropism is a result of cancer cells
parasitizing the HSC niche. This concept needs
more study.
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Genetics of Osteosarcoma

Marc F. Hansen

Primary malignant tumors of bone are rare and
constitute one of the more uncommon types
of neoplasms. Only about 1,500 new bone sar-
comas are reported in the United States each
year. Yet, because of the effects of radical surgery
and chemotherapy, the very existence of these
tumors leads to a significant reduction in the
quality of life in children and adolescents.
Notwithstanding their rarity, primary tumors
are important for understanding cancer and its
treatment.

Osteosarcoma is the most common primary
tumor of bone and accounts for approximately
19% of all malignant tumors in bone and 40-
60% of all primary malignant tumors of bone
[59, 128, 186, 236, 297]. It is the most common
solid tumor in teenagers and the third most com-
mon malignancy in children, accounting for 7%
of all adolescent cancers [321]. Twenty years ago,
the advent of a multidisciplinary approach that
combined multi-agent chemotherapy and limb-
sparing surgery greatly improved the survival
rate of patients with osteosarcoma. Sadly, since
then the 5-year survival has plateaued at approx-
imately 70% and outcome has not improved sig-
nificantly; indeed, long-term complications of
osteosarcoma survivors treated with intensive
chemotherapyhaveincreased [90]. Furthermore,
the prognosis for patients with metastatic dis-
ease or those with local relapse is much worse; if
patients develop extrapulmonary metastatic dis-
ease, they almost never survive [12, 128].

19

2.1 Histopathology
of Osteosarcoma

The defining characteristic of osteosarcoma is
the production of osteoid [297]. Beyond this,
osteosarcoma can be divided into several sub-
types based on histopathological and clini-
cal features. Most broadly, the tumors can be
divided into those that arise within the bone
(intramedullary) and those that arise on the
surface of the bone [199]. Most intramedullary
osteosarcomas are highly malignant and most
frequently occur during adolescence [297]. In
contrast, most osteosarcomas that occur on the
surface of the bone tend to be less aggressive and
contain cells that are either well or moderately
well differentiated.

Intramedullary osteosarcoma tumors are
typically localized to the metaphyseal portion
of the long bones, with the majority of tumors
occurring in the distal femur and proximal tibia.
These tumors can have predominant elements of
osteoblastic, chondroblastic, or fibroblastic dif-
ferentiation (Fig. 2.1). Other histopathological
features include a small round cell variation [10,
11, 202] and a variation with giant osteoclast-
like cells [19, 201, 253]. The molecular and/or
genetic bases of these histologic variations have
yet to be systematically explored.

Osteosarcoma is characterized by osteoblast-
like tumor cells that produce a disorganized field

E. Bronner, M.C. Farach-Carson (eds.), Bone and Cancer, Topics in Bone Biology 5,
DOI 10.1007/978-1-84882-019-7_2, © Springer-Verlag London Limited 2009
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Figure 2.1.

of calcified tissue, including osteoid and bone.
Osteosarcoma tumors can be highly cellular, with
little osteoid production, or sparsely cellular, with
abundant calcified osteoid matrix. Unusual or
undifferentiated tumor cells occur frequently in
osteosarcoma tumors, as are foci of neoplastic
cartilage or fibrous tissue. This can result in mis-
diagnosis of chondrosarcoma or fibrosarcoma in
poorly sampled pathological specimens.

Osteoid production is associated with well-
vascularized tumors, whereas malignant carti-
lage is more commonly associated with poorly
vascularized tumors. This may be one reason
that chondroblastic differentiation is associated
with a slightly worse response to chemother-
apy than other types of intramedullary osteosar-
comas, owing to poor delivery of the drug.
Predominantly osteoblastic tumors are typi-
cally sparsely cellular, with unusual mineral-
ized matrix, and are in juxtaposition to native
trabecular and cortical bone. Sheets of tumor
cells are pushed against malignant bone with no
osteoblasts lining the surface.

Although cell types vary, osteosarcomas
have in common cytological characteristics
such as pleomorphism, hyperchromatism,
and abundant atypical mitoses. Epithelial-like
cells have been found in some osteosarcomas.
This finding suggests that some osteosarcomas
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Histopathology of conventional intramedullary osteosarcoma. Shown left to right are examples of osteoblastic, chondroblastic, and
fibroblastic subtypes of conventional intramedullary osteosarcoma. In each example, obviously anaplastic cells and osteoid production can be detected.
In the osteoblastic example, reactive bone is found retained within the neoplasm and serves as a scaffold upon which osteoid is deposited by the neo-
plastic cells. In the chondroblastic subtype, osteoid production by neoplastic cells requires careful search to be detected in the cartilaginous material.
In the fibroblastic subtype, there is an admixture of pleomorphic spindled cells and enlarged polygonal cells and only focal presence of osteoid.

arise from primitive pluripotent mesenchymal
stem cells [151]. Other osteosarcomas appear
to arise from mesenchymal stem cells with
rhabdomyosarcomatous-like or lipomatous-like
features [154, 177, 196, 243], or from more
committed osteoprogenitor lineage cells [30].

Unfortunately, the histopathological classifi-
cation has little or no prognostic significance.
Osteosarcomas also can be divided into scle-
rotic and lytic subgroups, but this too has no
value in clinical prognosis. At present, more than
80% of patients with appendicular osteosarcoma
with no distant metastases will become long-
term survivors [152].

2.2 Unconventional
Osteosarcoma Subtypes

One unusual subtype of intramedullary
osteosarcoma is telangiectatic osteosarcoma
[185, 200] (Fig. 2.2). The tumor is almost
completely lytic in appearance, resembling an
aneurysmal bone cyst with large hemorrhagic
cystic cavities that contain blood clots, tumor
fragments, and tissue debris. Curiously, these
tumors appear to arise in the metaphysis and
then to extend into the diaphysis. Histologically,
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Figure 2.2.
characteristic cystic vasculature spaces at the top and right of the exam-
ple. Osteoid production is minimal. These tumors can be confused with
aneurysmal bone cysts.

Histopathology of telangiectatic osteosarcoma. Note the

the hemorrhagic cysts contain tumor cells
and giant cells that line the septa of the cysts.
Osteoid is produced by the tumor cells within
these cysts. Response of these tumors to
chemotherapy appears to be similar to that of
other intramedullary osteosarcomas [13, 317].
Surface osteosarcomas arise and are confined
to the surface of the bone and do not involve
the medullary canal. They are divided into three
categories: periosteal, parosteal, and high-grade
surface osteosarcomas [132, 241, 254]. Periosteal
osteosarcoma typically occurs as a diaphyseal
lesion on the tibia or femur and can be mis-
taken for periosteal chondrosarcoma [94, 227,
245, 246]. Histologically, periosteal chondrosar-
coma is composed of lobules of atypical prolif-
eration, with the center of the tumor displaying
mineralization, whereas the peripheral portions
of the tumor tend to be composed of prolifer-
ative spindle-shaped cells. Whether chemother-
apy affects the long-term outcome of periosteal
osteosarcoma is controversial [85, 132].
Parosteal osteosarcoma is a slow-growing,
relatively indolent tumor [166, 218, 262,299] that
is densely mineralized and envelops the shaft
of the bone. It is characterized by low-grade
fibroblast-like spindle cells with minimal cellu-
lar atypia that line the long axis of the bone with
embedded sheets of fibrous stroma. The osteoid
that lines the tumor merges with the underly-
ing fibrous tissue. Parosteal osteosarcoma rarely
metastasizes, with recurrence locally the major

risk. Occasionally, indolent tumors become
anaplastic. The resulting condition is designated
dedifferentiated parosteal osteosarcoma [1, 262,
280, 322]. The dedifferentiated component is
characterized by a pleomorphic spindle cell
phenotype. Although surgical resection appears
sufficient for the more indolent tumor, adjuvant
chemotherapy is recommended for the dediffer-
entiated form of the disease [262].

High-grade surface osteosarcomas are rare
variants of the surface osteosarcoma. The
tumors appear similar on histological examina-
tion to conventional intramedullary osteosarco-
mas, except that they are confined to the surface
of the bone. Osteoid and bone production also
are similar to intramedullary tumors. Outcome
is generally similar to intramedullary osteosar-
coma [113, 219].

Extraskeletal osteosarcomas provide an inter-
esting insight into the disease. They arise within
the muscle or soft tissues, usually of the thigh
and buttock regions, and do not involve bone [2,
14, 35, 53, 157, 164] (Fig. 2.3). Mean age of onset
is later than the bony osteosarcomas. Histolog-
ically, the tumors present with any of the dif-
ferentiation patterns of intramedullary osteosar-
coma: chondroblastic, fibroblastic, osteoblastic,
small cell, giant cell-rich tumors, or even telang-
iectatic phenotypes [53]. It is tempting to think
these tumors arise from mesenchymal stem cells
located within the soft tissues and undergo
osteoprogenitor differentiation as part of their
tumorigenic process.
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Figure 2.3.
chaotic mixture of cell types that compose the tumor.

Histopathology of extraskeletal osteosarcoma. Note the
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2.3 Head and Neck
Osteosarcoma

About 6-13% of osteosarcomas occur in the head
and neck, with the most common site being the
mandible, followed by the maxilla and the other
bones of the skull [37, 60, 123, 178]. Craniofacial
osteosarcoma can be either primary, i.e., arise in
the absence of known predisposing factors, or
secondary, i.e., arising in response to and aris-
ing within radiation fields (asin radiation-treated
bilateral retinoblastoma patients) or in response
to other disease conditions, such as Paget’s dis-
ease [183]. Secondary osteosarcomas of the head
and neck are aggressive lesions that are clinically
similar to osteosarcomas of the long bones.
Appendicular osteosarcomas occur between
the ages of 10 and 18, coinciding with the
major post-pubescent growth spurt [230]. Pri-
mary craniofacial osteosarcomas have a median
onset in the fourth decade of life [18, 24, 60,
123, 178, 216, 269, 284, 304]. Appendicular and
secondary craniofacial osteosarcomas metasta-
size widely within a year of the initial diagno-
sis. It is the distant metastases that are the most
common cause of death. In contrast, primary
craniofacial osteosarcomas do not metastasize
aggressively and spread more slowly, with the
mean interval between initial treatment and dis-
covery of a metastatic lesion some 20+ months
[24]. Local recurrence is the major complication
and the leading cause of death in primary cran-
iofacial osteosarcomas. Appendicular osteosar-
coma and secondary craniofacial osteosarcoma
are both characterized by pronounced cellu-
lar atypia. Histologically, craniofacial osteosar-
comas are most frequently chondroblastic in
appearance [60, 127], show little cellular atypia,
and are frequently confused with benign or reac-
tive bony lesions (Fig. 2.4). Neither pathologic
staging of primary craniofacial osteosarcomas
nor extension of the osteosarcoma into the sur-
rounding soft tissues correlates well with sur-
vival. In many cases, only the completeness of
the surgical resection as determined by margin
status has correlated well with outcome, whereas
incomplete resection correlates with local relapse
and poor survival. In osteosarcomas of the head
and neck, tumors of the mandible excepted, it

Figure 2.4.
mandible.

Histopathology of primary osteosarcoma of the

is difficult to achieve complete surgical resec-
tion. Osteosarcoma of the mandible, therefore,
has a better prognosis than other types of cran-
iofacial osteosarcoma. However, even in patients
with mandibular osteosarcoma, complete surgi-
cal resection is achieved in only one-third of the
cases [15]. The reason for the low rate of complete
resection is extension of the tumor into adjacent
structures, which occurs in 50% of patients with
mandibular osteosarcoma.

One of the possible reasons for the difference
in phenotype between primary craniofacial
osteosarcomas and appendicular osteosarcomas
is that the bones of the head and neck undergo
a different program of development from those
of the long bones of the skeleton [36, 39, 55].
In the precursors of the craniofacial bones
(the calvaria of the skull, the maxilla, and the
mandible), neural crest-derived cells differen-
tiate into osteoblasts in a process known as
intramembranous ossification. In the appen-
dicular portions of the skeleton, mesenchymal
cells differentiate into bone through a process
called endochondral ossification. This difference
in origin may be reflected in the distinct clinical
and biological behavior of the two tumor types.

2.4 Osteosarcoma and Bilateral
Retinoblastoma

Predisposition to osteosarcoma has been
associated with several inherited syndromes.
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Kitchin and Ellsworth [142] had observed that
patients with bilateral retinoblastoma were at
an increased risk for secondary tumors, notably
osteosarcoma, whether or not the patient had
been treated with radiation for the first tumor.
They concluded that the increased risk was due
to the pleiotropic effect of the susceptibility for
retinoblastoma. This hypothesis was strength-
ened by the discovery that osteosarcoma tumors
from patients with bilateral retinoblastoma lost
constitutional heterozygosity (LoH) in the same
region of chromosome 13 as in retinoblastoma
tumors [50, 96, 256].

Cloning the gene for retinoblastoma suscep-
tibility (RB1) demonstrated that the association
between retinoblastoma and osteosarcoma was
due to mutations in a common gene called RB1
[65, 66, 121, 160], consistent with its role as a
tumor suppressor [7, 257, 307, 316, 327]. Fur-
thermore, reintroduction of the RB1 gene into
osteosarcoma tumor cells resulted in reduced
tumorigenicity, both in vivo and in vitro [114].

2.5 Osteosarcoma
and Li—Fraumeni Syndrome

The second association between osteosarcoma
and an inherited predisposition was detected in
the cancer syndrome first described by Li and
Fraumeni [162]. These investigators and others
[102, 163, 234] identified osteosarcoma as one of
the more common tumors associated with rhab-
domyosarcoma, breast cancers, and other neo-
plasms. The link between these disparate tumors
was first suggested by the discovery of muta-
tions in the TP53 gene in sporadic osteosarcoma
tumors [181]. This was followed by the discov-
ery of inherited mutations in the TP53 gene in
several familial Li-Fraumeni syndromes [172].
As with RB1, TP53 is frequently mutated in spo-
radic osteosarcomas [189, 190, 291] and inser-
tion of TP53 into osteosarcoma tumor cells has
led to a loss of tumorigenicity in vivo and in
vitro [48].

Li-Fraumeni syndrome, a heterogeneous dis-
ease, is associated with inherited mutations in
the CHK?2 gene in some families [159]. Activated
CHK?2 stabilizes TP53, as well as acting on other

genes in the TP53 pathway. Inherited mutations
in the CHK2 gene have been identified in spo-
radic osteosarcomas and in osteosarcomas in
families with Li-Fraumeni syndrome [191].

2.6 Osteosarcoma and
Rothmund-Thomson Syndrome

Osteosarcoma is also associated with a rare auto-
somal recessive syndrome termed Rothmund-
Thomson syndrome [249, 290], characterized
by progressive poikilodermatous skin changes,
juvenile cataracts, and skeletal abnormalities
[305]. Individuals with this syndrome have an
increased incidence of malignancies, includ-
ing osteosarcoma. The predisposing mutation
involves mutations in a helicase gene RECQL4
[141] and other mutations in RECQLA4 [16, 167].
Also, osteosarcomas in Rothmund-Thomson
patients were found associated with truncation
of the RECQLA4 gene [311]. Curiously, in contrast
with the osteosarcomas associated with RB1 and
TP53, sporadic osteosarcomas were not associ-
ated with mutations in RECQL4 [213].

An increased risk of osteosarcoma has
also been associated with Werner’s syndrome,
caused by mutations in the related helicase,
WRN/RECQL2 gene [80, 198]. Osteosarcoma
may therefore be sensitive to changes in DNA
repair that result in chromosomal instability.

2.7 Osteosarcoma and Paget’s
Disease of Bone

Osteosarcoma also has been associated with
Paget’s disease. Paget’s disease is the second
most common metabolic bone disease that
affects up to 4% of the U.S. population by age
60 [63, 265, 266]. Rapid bone turnover in this
condition alters the strength and shape of the
newly formed bone [63, 226, 242, 265, 266].
The familial form of the disease is inherited in
an autosomal dominant fashion with variable
penetrance [261, 267]. Predisposition to familial
Paget’s disease has been linked to a number of
loci [43], with osteosarcoma associated in 84%
of cases [92, 118, 193, 235, 270]. Pagetic sarcoma
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Figure 2.5.
ence of large osteoclast-like giant cells within the tumor.

Histopathology of pagetic osteosarcoma. Note the pres-

occurs in 0.7-5% of patients with Paget’s disease
[64, 82, 91, 93, 319]. Osteosarcomas related to
Paget’s disease account for approximately 3% of
all osteosarcomas [298], but account for 20% of
all osteosarcomas in patients over 40 years of age
[319] and for 50% of osteosarcomas in patients
over 60 years of age [117].

Most osteosarcomas that develop in the
Pagetic bone are conventional high-grade
intramedullary tumors characterized by a
highly pleiomorphic, often spindle-cell sarcoma
[82] (Fig. 2.5). The tumors are marked by the
presence of many osteoclastic giant cells and
atypical osteoblasts that seem responsible for
the high rate of bone remodeling typical of
Paget’s disease.

The molecular basis for the increased risk for
osteosarcoma in Paget’s disease is unclear [97].
Analysis of LoH patterns identified a putative
tumor suppressor locus in the same region of
chromosome 18q that has been implicated as
predisposing to some forms of familial Paget’s
disease [126, 184, 207], but no common muta-
tions have been identified.

2.8 Genetics of Osteosarcoma

Osteosarcoma, despite its relative rarity, has
played a significant role in the discovery of
tumor suppressor genes such as RBI [50, 65, 66,
96, 160] and TP53 [48, 189], as well as in the
discovery of proto-oncogenes such as FOS [41,

42, 76, 84, 187, 250, 303, 313, 314] and MDM2
[190, 222]. Indeed, many more cancer genes have
been identified in leukemias, lymphomas, and
sarcomas than in any other type of cancer, even
though they account for only 10% of human can-
cers [67].

2.9 RB1and Osteosarcoma

RB1 was the first human tumor suppressor gene
to be cloned, but its mechanistic role in tumori-
genesis remains incompletely understood. RB1
plays a role in many cell processes, including
cell cycle regulation [99, 281], DNA damage
response and repair [69, 144, 145, 310], DNA
replication [210], apoptosis [32, 99, 107], and
differentiation [38, 45, 148, 168].

Mutations in RB1 in osteosarcoma were some
of the earliest mutations detected in RB1 [65, 66,
160]. Subsequent analysis has shown that inac-
tivation of RB1 is the most common mutational
event in osteosarcoma [45, 307, 316, 327].

RB1’s role in regulating cell cycle progression
may be through its repression of gene expression
mediated by E2F1 and other members of the E2F
family of transcription factors [54]. However,
RB1 also regulates gene expression by recruiting
chromatin remodeling complexes to promoter
regions that mediate chromatin condensation
and inhibit transcription [22, 23, 98, 100].

RBI is regulated by a group of cyclin-
dependent kinases (CDKs) in response to mito-
genic stimulation during cell cycle progres-
sion, allowing the cell to pass through the
G1/S boundary [46]. RB1 phosphorylation leads
to disruption of the RBI/E2F1 association
and depression of a variety of E2F1-regulated
genes. This, in turn, leads to a proliferative
response. CDKs are regulated by a group of CDK
inhibitors, which prevent CDKs from phospho-
rylating RB1. Mutations in the CDKI proteins
[188, 212], as well as amplification of CDK genes
[68, 130, 137, 238, 315, 328], have been found
in some osteosarcomas; this suggests alternative
mechanisms to inactivate the RB1 pathway.

A Pne alternative regulatory mechanism
has been identified. During apoptosis, RBI is
degraded by caspases in response to TNF-alpha-
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mediated apoptotic signals [282, 283]. This
leads to derepression of the E2F1-regulated gene
APAF1 [87, 195]. APAFI is a key component of
the mitochondria-dependent apoptotic machin-
ery [27, 312, 337]. However, thus far no muta-
tions in APAF1 have been identified in human
osteosarcoma.

2.10 TP53 and Osteosarcoma

TP53 is one of the most commonly mutated
genes in human cancer [276, 292, 306]. Muta-
tions leading to inactivation of TP53 are com-
mon in osteosarcoma tumorigenesis [120, 134,
181, 189, 190, 224, 229, 231, 237, 257, 308].
As described previously, germline mutations in
TP53 can predispose to osteosarcoma.

TP53 plays a crucial role in a number of
pathways related to cellular stress, DNA repair,
and apoptosis [276]. TP53 induces cell cycle
arrest, senescence, differentiation, and apopto-
sis depending on the genetic environment of
the cell. In response to genotoxic damage, TP53
can contribute to DNA repair. However, most
often induction of TP53 by genotoxic dam-
age leads to irreversible activation of apoptosis.
TP53 function can be lost through mutation of
the TP53 gene, or through mutations of genes
within the TP53 signaling pathway [101]. TP53
is regulated by MDM2, a protein that blocks
the activity of the TP53 protein by directing it
to the ubiquitin-mediated degradation pathway
[25, 122, 292]. MDM2 is negatively regulated by
p14ARF [333], whereas CHK2-mediated phos-
phorylation of TP53 prevents MDM?2 inactiva-
tion of TP53 [233]. Overexpression of MDM2,
which results in functional loss of TP53 activ-
ity, occurs in osteosarcoma [134, 137, 190, 206,
229, 231, 238, 315, 328] as do mutations in the
p14ARF and CHK2 genes that lead to functional
inactivation of these genes [17, 170, 191].

2.11 Wnt Signaling Pathway

Signaling through the canonical Wnt pathway
is critical for the differentiation of progenitor
cells into osteoblasts [73, 74]. During osteogen-

esis, stimulation by bone morphogenic protein
2, a bone differentiation factor, is sustained by
Wnt signaling. When Wnt signaling is inhibited,
mesenchymal stem cells enter the cell cycle and
osteogenesis is breached. Dickkopf 1 (DKK1)
disrupts the Wnt signaling cascade [211], result-
ing in the inhibition of osteogenesis [83].

Serum levels of DKK1 are significantly ele-
vated in pediatric osteosarcoma patients [158],
with DKK1 expression at a maximum in the
osteosarcoma cells located at the periphery of
the tumor. When human mesenchymal cells are
cultured in conditioned media from osteosar-
coma tumor cells, osteogenesis is reduced in
the same fashion as when DKKI is added.
Immunodepletion of DKKI1 or addition of an
inhibitor blocks the inhibitory effect on osteo-
genesis [158].

The level of expression of LRP5, a co-receptor
in the Wnt signaling pathway, has been found to
correlate positively and significantly with a rise
in tumor metastasis. Patients whose tumors were
positive for LRP5 tend to have a lower level of
event-free survival [109]. Expression of Dickkopf
3 (DKK3), a dominant-negative mutant of LRP5,
reduced invasion and motility in an osteosar-
coma tumor cell line by modulating the Wnt-
beta-catenin pathway [110]. Specifically DKK3
upregulated E-cadherin and downregulated Slug
and Twist, transcription factors associated with
regulation of metastasis. DKK3 expression also
led to reduced expression of matrix metallopro-
teinases MMP2 and MMP14, as well as of Met and
hepatocyte growth factor (HGF), enzymes that
are involved in invasion and cell motility [86].

Wnt signaling therefore may play an impor-
tant role in osteosarcoma tumorigenesis by
inhibiting repair of the surrounding bone and by
increasing the motility and invasiveness of the
tumor cells.

2.12 Ezrin and Metastasis

Ezrin is a gene associated with motility, inva-
sion, and adherence. Together with radixin and
moesin, it is a component of the ERM proteins,
which act as links between the plasma mem-
brane and the actin cytoskeleton [116]. The ERM
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proteins are involved in cell adhesion, migration,
and the organization of cell surface structures.
The role of Ezrin in osteosarcoma tumorigene-
sis was discovered by way of a microarray anal-
ysis of a mouse model of osteosarcoma [135].
Subsequent analyses have shown that Ezrin is
overexpressed in aggressive mouse and canine
tumors, as well as in metastatic human osteosar-
coma tumors [135, 136, 140, 161, 228, 251].

Ezrin expression provides an early sur-
vival advantage for metastatic osteosarcoma
tumor cells that reach the lungs in that AKT
and MAPK phosphorylation and activity were
reduced when Ezrin protein was suppressed
[136]. Khanna and colleagues [136] also found
that Ezrin-mediated early metastatic survival
was partially dependent on activation of MAPK,
but not of AKT.

Another member of the ERM protein family,
Merlin, the product of the NF2 gene, is linked to
highly metastatic osteosarcomas in mice [182].
This is surprising, as mutations in the NF2 gene
in humans do not show increased predisposi-
tion to osteosarcoma. Moreover, analysis of NF2
in human osteosarcoma has not detected any
mutations [274]. Possibly, another member of
the ERM protein family compensates for loss of
Merlin function in human osteoblasts.

2.13 FAS and FASL Signaling

The FAS receptor and its ligand (FASL) belong to
the tumor necrosis factor death receptor super-
family and participate in regulating tumorige-
nesis in several types of primary malignancies
and metastases [309]. Low expression of FAS in
different tumors, including osteosarcoma, cor-
relates with poor prognosis. Osteosarcoma lung
metastases express low levels of FAS, whereas
the primary tumors from the same patients
often express high FAS levels [77, 149, 153].
In mouse models of osteosarcoma, FAS expres-
sion and metastatic potential were consistently
found to vary inversely [78, 326]. One explana-
tion is that FASL is constitutively expressed in
lung tissue and that FAS-positive osteosarcoma
tumor cells that enter the lungs bind to the FASL
and induce apoptosis [78, 149]. This explana-

tion is consistent with the earlier observation
that cyclophosphamide and its derivative ifos-
famide induce expression of FASL in osteosar-
coma cells [52]. Induction of FASL mediates
apoptosis in osteosarcoma tumor cells via an
autocrine-paracrine loop by cross-linking with
cell surface FAS. Duan et al. [51,52] also showed
that IL-12 enhanced the sensitivity of osteosar-
coma cells to cyclophosphamide by upregulating
FAS. This is consistent with FAS/FASL regulation
in osteosarcoma, inasmuch as cells with high
FAS expression are likely to be more sensitive to
agents that upregulate FASL.

Chemotherapy agents that upregulate FAS
would be expected to inhibit lung metas-
tases. Gemcitabine, a pyrimidine antimetabolite
and an analog of cytosine arabinoside, caused
growth inhibition and cell death in human
osteosarcoma tumor cell lines [124]. When mice
were treated with an aerosol form of gemc-
itabine, FAS expression increased and the tumor
regressed [5, 78, 124, 150].

2.14 erbB2/HER2 and Its Role
in Osteosarcoma

The erbB family of type I protein receptor tyro-
sine kinases may be one group of genes which,
when their mechanism of action is better under-
stood, may lead to the identification of new
targets for osteosarcoma therapy. This erbB fam-
ily consists of erbB1 (also known as the epider-
mal growth factor receptor EGFR), erbB2 (also
known as HER2 or neu), erbB3 (also known as
HER3, and erbB4 (also known as HER4) [26,
106, 111, 119, 221]. These cell surface receptors
form homodimers and heterodimers [40, 330,
331] to create functional growth factor recep-
tors that trigger more rapid growth in malignant
cells [208, 209] and promote cell survival [71].
HER?2 is the best known member of the fam-
ily [111, 209, 247, 248, 268]. It has no known lig-
ands [143], but promotes signaling when com-
bined as a heterodimer with any other family
members that have ligands [220, 221, 278, 279].
Other erbB family members will preferentially
partner with HER2 when co-expressed [81, 295].
Immunohistochemical examination of HER2 in



Genetics of Osteosarcoma

27

breast cancer cells has revealed strong antigen
staining along the edges of tumor cells. This is
consistent with membrane staining [268]. Over-
expression of HER2 is correlated with genomic
amplification to the point where identification
of HER2 amplification by fluorescent in situ
hybridization (FISH) has been approved by the
US Food and Drug Administration as a proce-
dure to identify patients at high risk for recur-
rence and death due to node-negative invasive
breast cancer [129, 332].

HER2 expression and gene amplification in
osteosarcoma have been examined in many pub-
lished reports [3, 4, 6, 58, 79, 115, 139, 171, 223,
271, 289, 294, 300, 320, 334]. The results of these
studies appear to be contradictory: several stud-
ies report that HER2 plays a prognostic role,
whereas other reports show no significance. The
difference may be due to the definition of HER2
overexpression. In breast cancer, HER2 cyto-
plasmic immunostaining is considered to be an
artifact [288, 289] and only complete membrane
staining is considered to be clinically relevant
[20]. Moreover, overexpression must be accom-
panied by genomic amplification; this has not
been routinely observed in osteosarcoma [171],
except in a single study that utilized FISH anal-
ysis [334]. In general, when HER2 expression
in osteosarcoma was examined by immunohis-
tochemistry, the pattern of staining was faint
and diffuse; this suggests localization in the
cytoplasm rather than in the plasma membrane
[115]. Therefore, if and how HER2 expression
affects osteosarcoma biology if the receptor is
not expressed on the cell surface is unresolved.

2.15 RECQL4 and Genomic
Stability

RECQL helicases represent a highly conserved
protein family that is needed to maintain
genome integrity [95, 108, 205, 301]. Three of the
RECQL family members predispose to cancer
predisposition syndromes: Bloom’s Syndrome,
Werner’s syndrome, and Rothmund-Thomson
syndrome. All three syndromes share a common
phenotype of genomic instability [108, 301].
An important function of the RECQL helicases

appears to be the unwinding of intermediates of
recombination, thereby preventing uncontrolled
recombination [205].

Loss of function of the RECQL family of heli-
cases gives rise to an increase in the levels of
recombination. This in turn results in chromo-
somal aberrations that include LOH, a common
chromosomal change associated with malignan-
cies [108, 205]. RECQL4 may play a role in ini-
tiating DNA replication and in sister-chromatid
cohesion [155, 176]. In normal human fibro-
blasts, RECQL4 is predominantly localized in the
cytoplasm; relocation from nucleus to nucleolus
or other nuclear foci occurs in response to UV
or oxidative cell stress [232, 318, 325]. RECQL4
also associates with RAD51; this suggests that
RECQL4 has a role in repairing double-strand
breaks of DNA by homologous recombination
[232].

One difference between RECQL4 and other
mutated genes that predispose to osteosarcoma
(RB1, TP53) is that no somatic mutations of
RECQLA4 have been identified in sporadic cases
of osteosarcoma [213]. This may reflect the fact
that mutations in RECQL4 would only have an
indirect effect on tumorigenesis, whereas RB1
and TP53 have more direct effects.

2.16 Role of Chromosomal
Instability and Telomere
Maintenance in Osteosarcoma

One of the striking features of osteosarcoma is
the high frequency of genomic amplification,
rearrangement, deletion, and loss of heterozy-
gosity across the genome [8, 112, 156, 174, 197,
258, 259, 273, 277, 286, 324, 329, 336]. This chro-
mosomal instability is rare in childhood tumors.

Chromosomal instability is common in can-
cer cells. Mechanisms that lead to numerical
and structural chromosomal instability in can-
cer cells include defects in chromosomal segre-
gation, defects in cellular checkpoints that guard
against reproduction of abnormal cells, defects
in telomere stability, and defects in the DNA
damage response. A long-standing debate in can-
cer genetics is whether genomic instability is an
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early or late event in tumorigenesis [169, 179,
180, 214, 263, 264, 293]. Chromosomal insta-
bility has been studied primarily in epithelial
tumors, notably colorectal carcinoma. Approxi-
mately 15% of colorectal cancers show a form of
genetic instability that is characterized by mis-
match repair deficiency. The remaining 85% of
colorectal cancers, and an even larger proportion
of other solid tumor types, show an abnormal
chromosomal content that reflects chromosomal
instability [240]. Unlike microsatellite instability,
which is caused by genes in the DNA mismatch
repair pathways, chromosomal instability is due
to errors in chromosomal segregation, telomere
stability, and in the repair of damage to double-
stranded DNA [33, 75, 146, 147, 239, 302].

Alterations in over 100 genes have been shown
to give rise to chromosomal instability in Sac-
charomyces cerevisiae [146]. Many of these have
one or more homologs in humans. These include
those involved in cell cycle regulation, chromo-
some condensation, sister-chromatid cohesion,
spindle assembly, kinetochore structure and
function, microtubule formation and dynamics,
as well as cell cycle checkpoints.

Alterations in telomeres have been associated
with increased genomic instability [44, 180].
Terminal deletions induced by telomere short-
ening in the absence of telomerase may be ini-
tiated by end-to-end chromosome fusion and
breakage or by exonucleolytic end resection. In
telomerase-deficient mice, end-to-end chromo-
some fusion is the most prominent chromoso-
mal abnormality [21], with fusions a primary
consequence of telomere shortening [104]. In
human tumors with telomere dysfunction, dele-
tions in the terminal regions of chromosomes
precede an increase in global instability [44, 57,
72].

Decreased telomerase activity leads to chro-
mosomal end lesions, which promote either
genomic instability and carcinogenesis or apop-
totic cell death [34]. Telomerase may therefore
have a dual role in promoting tumorigenesis
and protecting the cell from genomic insta-
bility [31, 47, 88, 89]. Studies using a model
for Li-Fraumeni syndrome have suggested that
telomere shortening is the primary driving force
for the genomic instability characteristic of Li-
Fraumeni syndrome cells [56].

Telomeres are maintained in human tumors
by activation and by alternative lengthening of
telomeres (ALT) [29, 33, 105, 125, 275]. Most
human tumors maintain telomeres by activating
telomerase. However, in appendicular osteosar-
coma ALT occurs at a higher frequency than in
other types of tumors [9, 204, 255, 272, 296].
Absence of telomerase activation or presence
of ALT correlates with a favorable prognosis
in osteosarcoma [138, 252, 272, 296]. The ALT
and telomerase-dependent mechanisms serve
the same end, but they are not equivalent.
Telomerase-dependent osteosarcoma cell lines
have short telomeres with a minimum range
of length, whereas ALT-dependent osteosarcoma
cell lines have telomeres that are long, but vary in
length. ALT-positive cell lines also have greater
genetic instability and more translocations than
the telomerase-positive cell lines [255].

One function of telomere maintenance is
in stem cells. A controversial hypothesis pro-
posed that cancers have stem cell-like subpop-
ulations and that it is these self-renewing cells
that drive tumor proliferation [244]. Stem cell-
like cells have been identified in osteosarcoma
tumors [70]. These cells express activated STAT3,
OCT3/4, and NANOG, all of which are marker
genes for pluripotent embryonic stem cells [28].

2.17 Comparative Genomic
Hybridization

Since the completion of the sequencing of
the human genome, efforts have accelerated
to examine chromosomal abnormalities includ-
ing large-scale amplifications, deletions, and
variations in the number of copies in vari-
ous types of cancer. This work has been cat-
apulted by the availability of high-throughput
array-based technologies that can scan the entire
genome with high resolution. Comparative
genome hybridization has utilized arrayed BAC
or oligonucleotide probes to detect genotype
variation [61]. By means of comparative genome
hybridization analysis, the chromosomal insta-
bility phenotype of osteosarcoma tumors has
been confirmed, with many chromosomal alter-
ations in each tumor [8, 15, 49, 62, 103, 133, 156,
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165, 174, 217, 225, 258, 260, 273, 277, 285-287,
335, 336].

Notwithstanding much variation in these
analyses, some common chromosomal gains
were observed for 1p, 5p, 6p, 8q, and 17p.
Common chromosomal losses were observed
for 2q, 10p, 14q, 15q, and 16p. Common
amplification regions were observed for 1q21-
q22, 1p34-p36, 5p13-p15, 6p12-21, 12q12-q14,
and Xpl1l.2. The most common amplifications
detected involved two chromosomal regions:
8923-q24 and 17p11.2-p12. The only common
deletion observed was 18q21-q22. In all cases,
amplifications outnumbered deletions.

The 8q23-q24 region of amplification includes
the MYC gene, as well as the TNFRSF11B,
COL14A1, COL22A1, and RECQL4 genes
(Fig. 2.6). The 17p11.2-pl2 region contains
the TNFRSF13B, MAP2K4, MAPK?7 genes and
TOP3A genes (Fig. 2.7). The latter forms a
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complex with the BLM gene, which regulates
recombination in somatic cells.

2.18 Microarray Analysis of
Osteosarcoma

Even though the identification of genetic alter-
ations in osteosarcoma has progressed steadily,
no single molecular marker has greater prog-
nostic significance in osteosarcoma treatment
than the current clinical markers. Clearly
more comprehensive analytical technologies are
needed to develop more informative classifica-
tion systems and to identify new therapeutic tar-
gets.

Gene expression analysis by oligonucleotide
microarray has been increasingly utilized to
analyze tumors including osteosarcoma. These
arrays permit a nearly comprehensive survey of
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the expression patterns in the tumors, which in
turn can be used to identify molecular path-
ways and targets for diagnosis and treatment.
Microarray analysis alone can be used to develop
genomic expression signatures that distinguish
between outcome and therapeutic response. The
method also helps divide tumors into molecu-
larly defined categories that are associated with
specific genetic pathways that can suggest novel
therapeutic approaches. The use of microar-
rays for clinical purposes remains a challenge
because of difficulties with specimen collection
and their heterogeneity. In order for microarray
results to be interpreted within the clinical con-
text, they need to be validated by complimentary
techniques and supported by strong bioinfor-
matics. To reduce complexity, some microarray
analyses have focused on osteosarcoma tumor
cell lines [175, 194, 203, 323, 338] and mouse
models [135] to identify specific known target
pathways and their perturbations.

Other analyses have focused on the clinical
question of identifying patients that will or will
not respond to chemotherapy [173, 192, 215],
thereby identifying chemotherapy-resistant
pediatric osteosarcomas. Ochi et al. [215] iden-
tified a signature of 60 genes whose expression
correlated with response to chemotherapy. Mintz
etal. [192] identified a signature of 104 genes that
correlated with response to chemotherapy. Mann
et al. [176] identified a signature of 45 genes that
also correlated with response to chemotherapy.
Curiously, there is almost no overlap in the three
gene groups. However, most genes in the three
signatures groups were at high expression when
there was a poor response to chemotherapy.
The full significance of these findings remains
uncertain. Clearly there is a need to identify
a robust signature group of genes that predict
response to therapy.

2.19 Summary

Osteosarcoma is a fascinating disease. Its vari-
ability in presentation, association with a num-
ber of inherited syndromes, the lack of benign
precursors or other morphological determi-
nants all make it necessary to develop molec-
ular classification schemes for screening and

identifying tumors and their likely outcome.
Much progress notwithstanding, understanding
of osteosarcoma remains elusive. New discover-
ies are therefore likely to have a profound impact
on understanding the disease.
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3.1 Multiple Myeloma and Bone
Disease

Multiple Myeloma (MM) is a hematologic malig-
nancy characterized by neoplastic clonal pro-
liferation of plasma cells typically resulting in
the presence of a monoclonal immunoglobulin
(Ig) present in the blood and/or urine. MM is
responsible for 1% of malignant diseases, and
comprises 10% of all hematologic malignancies,
making it the second most common hemato-
logic malignancy in adults, second to only Non-
Hodgkin's lymphoma. The estimated annual
incidence of MM is approximately 4 per 100,000
in Caucasians and 8 per 100,000 in African-
Americans with a projected 19,900 new cases to
be diagnosed in 2007 in the United States and
approximately 10,790 deaths due to myeloma to
occur [46]. The incidence is lower in the Asian
population. The incidence of MM increases with
age with median age at diagnosis being 68 years,
with a greater incidence of the disease in males
as compare to females.
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3.2 Pathophysiology of Bone
Disease in Multiple Myeloma

Bone lesions in myeloma appear to be secondary
to an uncoupling of the normal bone remod-
eling process [4,87]. This mismatch occurs via
upregulation of osteoclasts (OCL), the normal
bone resorbing cells, in response to stimuli pro-
duced either directly or indirectly by malignant
myeloma cells as well as decreased or absent
activity of osteoblasts, the normal bone form-
ing cells. This leads to an overall net increase
in bone destruction and decreased new bone
formation. Unlike other malignancies that affect
the bone, even after the myeloma is treated, the
bone lesions caused by the disease remain and
new bone fails to form in the lesions. The patho-
physiology underlying the increased osteoclast
activity in MM bone disease has been widely
studied and is the basis for development of new
treatment modalities of the disease [35,83,93].
Decreased osteoblast activity is an important
and expanding area of research.
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3.3 Osteoclast
Activation/Stimulation

Increased OCL activity in myeloma is a local
phenomenon. Lytic lesions only occur in close
proximity to beds of myeloma tumor. The
increased OCL activity is due to production
or induction of Osteoclast Activating Factors
(OAFs) by the myeloma cells. This occurs
as a result of cell-cell interactions between
myeloma cells and bone marrow stromal cells
(BMSCs), via binding of VLA-4 (a4f; integrin
on myeloma cells) to the VCAM-1 receptor
expressed on the surface of BMSCs. This results
in production of OAFs including; receptor
activator of nuclear factor - kB ligand (RANKL),
M-CSF, macrophage inflammatory protein-
lalpha (MIP-1a), tumor necrosis factor-beta
(TNFB), interleukin-1beta (IL-1B), interleukin-6
(IL-6), lymphotoxin, hepatocytes growth factor
(HGF), parathyroid hormone-related protein
(PTHrP), matrix metalloproteinase-2,-7, and
-9, and tumor necrosis factor-alpha (TNFa)
[15,32,38,57,61,86,94]. No OAF has been found
to be the sole cause of the increased osteoclasto-
genesis in myeloma, but rather it is thought to
result from a combination of OAFs, which cause
increased bone resorption.

3.4 RANKL

RANKL is a member of the tumor necrosis fac-
tor gene family. It increases osteoclastogenesis
by binding to the RANK receptor on osteoclast
precursors to induce osteoclast differentiation
and maturation. Osteoprotegerin (OPG), a nat-
urally occurring decoy receptor for RANKL, acts
as an inhibitor of RANKL, and inhibits osteo-
clastogenesis (Fig. 3.1). RANKL is increased and
OPG is decreased in the marrow of patients with
myeloma. RANKL and OPG are both normally
expressed by BMSCs and osteoblasts. RANKL
is increased in patients and when myeloma
cells are cocultured with BMSCs, while OPG
is markedly decreased [70,73]. The increase in
RANKL is due to RANKL production by BMSCs,

Osteoclastogenic
factors

i
et 5o &

Stromal cell OCL precursor Osteoclast

Figure 3.1.  Local expression of stromal cell RANK, osteoclast (OCL)
formation, and hone resorption. Locally secreted osteoclastogenic fac-
tors (e.g., cytokines and growth factors) in the bone marrow microenvi-
ronment stimulate the formation of both membrane bound and soluble
RANKL by bone marrow stromal cells. After it inteacs with membrane-
expressed RANK on adjacent preosteoclasts, RANKL induces OCL forma-
tion and OCL-mediated bone resorption. This process may be regulated
by the local secretion of (OPG), a soluble decoy receptor that blocks the
effects of RANKL. However, contact between myeloma cells and stromal
cells in the bone marrow microenvironment decreases stromal cell pro-
duction of OPG, thereby initiating high levels of osteolysis.

but can also be produced in low amounts by
myeloma cells. These studies demonstrate that
the interaction between the myeloma cells and
the BMSCs increases RANKL expression; and
treatment of the co-cultures with an antibody
to VLA-4 (04 integrin subunit), the molecule
on myeloma cells responsible for adherence to
the VCAM-1 receptor on BMSCs, or with a
recombinant soluble form of VCAM-1 block the
increased RANKL expression [31,70,73]. Thus,
binding of the VLA-4 on myeloma cells to the
VCAM-1 receptor on BMSCs is responsible, at
least in part, for the overexpression of RANKL
in myeloma bone marrow.

3.5 MIP-1x

Macrophage inflammatory protein-lalpha
(MIP-1a) also increases OCL differentiation
and maturation in myeloma [1,16,69] as well as
acts as a paracrine growth factor for myeloma
cells by stimulating their cell growth and
survival [60]. Not only does MIP-1a stimulate
OCL on its own, but it can potentiate the
effects of PTHrP, RANKL, and 1,25-(0OH),D;
on OCL formation in human marrow cultures,
thereby further increasing bone resorption [16]
(Fig. 3.2). MIP-1a can also increase expression
of VLA-4 on myeloma cells, further enhancing
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Figure3.2. Proposed model for MIP-1c¢’s role in myeloma bone disease. MIP-1a is produced by myeloma cells and directly stimulates OCL
formation. In addition, MIP-Tat enhances the effects of IL-6 and RANKL on OCL formation, upregulates VLA4 expression on myeloma cells to increase
production of RANKL and IL-6 and also increases myeloma cell proliferation.

the adhesive interactions between myeloma cell
and BMSCs.

3.6 Parathyroid Hormone
Related Peptide (PTHrP)

PTHrP is the major mediator of the humoral
hypercalcemia of malignancy [76], and elevated
serum levels of PTHrP have been found in some
studies of patients with myeloma and hypercal-
cemia, implicating PTHrP as an osteoclast acti-
vator in myeloma bone disease [45]. However,
most patients with myeloma bone disease do not
have elevated levels of PTHrP [27].

3.7 IL-6

Interleukin-6 (IL-6) is a growth factor and pre-
vents apoptosis of myeloma cells. IL-6 is a potent
stimulator of osteoclast formation both in vitro
and in vivo [13], and IL-6 levels have been found
elevated in patients with myeloma. IL-6 also
enhances the effects of other factors on osteo-
clastogenesis such as PTHrP, IL-1 and TNFa
[13]. Other stimulators of OCL formation and
activity have been detected in the myeloma mar-
row microenvironment. These include IL3 and
HGF [38,40,57], which can increase OCL for-
mation and enhance the effects of RANKL and
MIP-1a on osteoclast formation.

3.8 Osteoblast Inhibition
in Myeloma

In addition to increased osteoclast activity,
patients with myeloma also have decreased
levels of bone formation markers such as
alkaline phosphatase and osteocalcin; with
marked osteoblastopenia [41]. These findings
demonstrate that patients with myeloma have
suppression of osteoblasts with decreased
bone formation (Fig. 3.3). Physiologic dif-
ferentiation and development of osteoblasts
requires the transcription factor RunX2/Cbfal
[22,28,48,50,51] in order for bone formation
to occur. Phosphorylation of RunX2/Cbfal in
bone marrow stromal cells and osteoblast pre-
cursors induces maturation of osteoblasts and
expression of the osteoblast markers; collagen
I, alkaline phosphatase, and osteocalcin. In one
study, co-culture of myeloma cells with human
osteoprogenitor cells inhibited osteoblast
differentiation, with decreased numbers of
early osteoblast precursors, fibroblast colony
forming units (CFU-F), and osteoblast colony
forming units (CFU-OB) as well as markers of
osteoblast differentiation, ALP, osteocalcin, and
collagen I [33]. These studies found that the
activity of RunX2/Cbfal was decreased in these
co-cultures, demonstrating that inhibition of
RunX2/Cbfalactivity is responsible, at least in
part, for the inhibition of osteoblast formation
and maturation. RunX2/Cbfal has also been
found to induce OPG expression, a potent
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Mechanisms responsible for myeloma bone disease. Myeloma cells produce factors that directly or indirectly activate osteoclasts

such as MIP-1a and IL-3. In addition, they induce RANK ligand and IL-6 production by marrow stromal cells to enhance osteoclast formation. The bone
destructive process releases growth factors that increase the growth of myeloma cells, further exacerbating the osteolytic process. Myeloma cells also
produce DKKT, IL-3, soluble frizzle-related protein-2, and IL-7, which suppress osteoblast differentiation and new bone formation.

inhibitor of osteoclasts. Thus, inhibition of
Runx2/Cbfal in myeloma can further increase
bone resorption [89]. Inhibition of RunX2/Cbfal
activity in myeloma appears to be mediated by
cell-cell interactions between myeloma cells and
osteoprogenitor cells. These interactions are
mediated by VLA-4 on myeloma cells, which
binds to VCAM-1 present on osteoprogenitor
cells [33].

3.9 IL-7and IL-3

While numerous OAFs have been identified as
causative factors for OCL stimulation, cytokines
responsible for decreased activity of osteoblasts
are not completely known. Recently, several
other cytokines have been reported, which may
contribute to the inhibition of osteoblast activity
in myeloma. IL-7 levels are elevated in marrow
supernatants from patients with myeloma
when compared to healthy controls [34].
IL-7 can decrease CFU-F and CFU-OB for-

mation in human marrow cultures, as well as
decrease Runx2 activity. Further, when IL-7
blocking antibodies to marrow plasma from
myeloma patients, they blunted the inhibitory
effect of the marrow plasma on osteoblasts [33].

IL-3 has been found to indirectly inhibit
osteoblast differentiation in myeloma via
CD45+/CD116+ monocyte/macrophages [24].
This inhibitory effect was not mediated by
TNFa. IL-3 is elevated in approximately 70%
of marrow samples in patients with myeloma.
IL-3 has also been shown to increase osteoclast
formation in myeloma.

3.10 DKK1

Recently, Dickkopf-1 (DKK1) has been identified
as a potential mediator of osteoblast suppression
in myeloma [36,90]. DKK1 is an inhibitor of the
Wnt signaling pathway, an important pathway
in early osteoblast formation, and thus inhibits
osteoblast precursors from forming osteoblasts.
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DKK1 also acts to enhance OCL formation
and bone resorption by blocking osteoblast
differentiation. Immature osteoblasts and stro-
mal cells express RANKL while more differenti-
ated osteoblasts express OPG.

Murine models of myeloma treated with anti-
bodies against DKK1 demonstrated a decrease
in bone resorption and increased bone for-
mation due to decreased osteoblast inhibition,
and decreased tumor mass [92]. In addition
to DKK1, another inhibitor of the WNT sig-
naling pathway, soluble frizzle-related protein-2
(sFRP2) [67] has also been implicated in the
osteoblast inhibition in myeloma.

3.11 (linical Manifestations
of Myeloma

Approximately 80% of MM patients manifest
bone involvement, so that bone destruction is
the hallmark of the disease. With bone being
the primary site of disease, it is no surprise that
roughly two-thirds of patients experience bone
pain at diagnosis and 60% of patients suffer a
pathologic skeletal fracture during the course of
their disease [56,62,75]. Other clinical manifes-
tations of the disease include renal involvement,
hypercalcemia, anemia, and infections.

3.12 Bone Destruction

Bone destruction in MM can cause significant
clinical morbidity. A study of over 250 myeloma
patients found that the areas of bone most
likely to be involved include the spine (49%),
skull (35%), pelvis (34%), ribs (33%), humeri
(22%), femora (13%) and mandible (10%) [53].
The most common radiographic findings of
bone involvement include osteolysis, osteope-
nia, pathologic fractures, or a combination of
the above. Eighty percent of patients experience
bone pain. Bone pain typically presents in the
back or chest and is exacerbated by movement
and is less intense at nighttime.

3.13 Hypercalcemia

Hypercalcemia occurs in approximately 15%
of myeloma patients. Causes of hypercalcemia
in myeloma include increased bone resorption,
decreased bone formation, impaired renal func-
tion, and in a minority of patients, increased lev-
els of PTHrP. In contrast to humoral hypercal-
cemia of malignancy, hypercalcemia of myeloma
is more often secondary to widespread bone
involvement and renal impairment as opposed
to elevated levels of PTHrP. The level of hyper-
calcemia in myeloma correlates with tumor bur-
den and does not correlate with serum PTHrP
levels [68]. The uncoupling of normal bone
resorption/formation favors bone resorption in
myeloma resulting in an overall net efflux of
calcium into the extracellular fluid. Signs of
symptoms of hypercalcemia include dry mouth,
anorexia, renal stones, confusion, depression,
nausea, vomiting, polydypsia, and polyuria.
Renal impairment in myeloma is thought to
cause hypercalcemia not only by an inability to
clear the excessive calcium in the serum from
increased bone resorption, but there is also
increased renal tubular calcium reabsorption.
The etiology of the increased renal tubular cal-
cium reabsorption remains unclear, as eleva-
tion of PTHrP is not a consistent finding among
myeloma patients.

3.14 Neurologic Symptoms

The most common presenting neurologic com-
plication in myeloma is radiculopathy usually of
the thoracic or lumbosacral regions. The patho-
physiology of this is due to expansion of the pri-
mary tumor leading to compression of the nerve
or collapse of the bone. Spinal cord compres-
sion which should be treated as an oncologic
emergency is seen in 5-10% of patients. Periph-
eral neuropathy occurs but is typically associ-
ated with amyloidosis or more commonly as a
side effect of therapy.
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3.15 Other Systemic
Complications

Other complications associated with myeloma
include anemia, thrombocytopenia, and
leukopenia. Despite extensive bone marrow
involvement in some patients with myeloma,
thrombocytopenia and leukopenia are rare,
thus this is unlikely as the primary etiology
of anemia. Rather, increased production of
IL-6, fas-ligand, and MIP-1a are thought to be
the primary causes of anemia. Erythropoietin
levels are also probably decreased secondary
to increased cytokine production. Patients
with IgA myeloma are more likely to develop
bleeding complications as well as hyperviscosity
due to the propensity for IgA immunoglobulins
to associate in polymeric formations.

3.16 Diagnosis

Criteria for diagnosis of myeloma involve the
classic triad of myeloma requiring [1] > 10%
abnormal plasma cells in the bone marrow plus
either [2] osteolytic bone lesions or [3] elevation
of serum and/or urine M protein to > 3 g/dl or
> 1 g/dl respectively [52].

3.17 Evaluation of Bone
Involvement

Evaluation of bone involvement should be done
using conventional radiography which is supe-
rior to Technetium-99m bone scanning. Nuclear
medicine scanning reflects osteoblastic activity
thus underestimating the osteolytic lesions char-
acteristic of myeloma bone disease. If conven-
tional radiography is inconclusive or negative in
the setting of high clinical suspicion for bone
disease, CT without contrast or MRI may be
used, both are more sensitive than conventional
radiography.

Traditionally, bone surveys have been used
to both diagnose lytic lesions, and monitor
response to therapy of patients with myeloma
bone disease. An adequate survey includes imag-
ing x-rays of the skull, vertebral column, pelvis,
and extremities (Fig. 3.4). Due to the numer-
ous images acquired during each bone sur-
vey, the accuracy of the interpretation of the
images can be limited. The limited reproducibil-
ity of bone surveys has led to use of newer
modalities such as CT scan without contrast,
MRI, and PET scans to evaluate the extent
of myeloma one disease. In comparison tri-
als, MRI has been shown to have greater
sensitivity than plain radiographs in detect-
ing asymptomatic bone disease [20]. In one
study of 53 patients with multiple myeloma,
55% of patients with presumed normal plain
radiographs had evidence of diffuse and nodu-
lar bone involvement on MRI [20]. MRI is
also superior to plain radiography for stag-
ing patients with MM (37). One study evalu-
ated 12 patients with presumed solitary plas-
macytomas on bone survey found 4 patients
to have additional evidence of marrow involve-
ment on MRI evaluation thus changing their
diagnosis to MM. Thus MRI imaging of the
head, spine, and pelvis is recommended in all
patients with a suspected diagnosis of soli-
tary plasmacytoma to rule out any other bone
lesions.

Figure 3.4.  Plain film radiographs of lytic bone lesions in Mul-
tiple Myeloma. Courtesy of Dr. Mankin at the Massachusetts General
Hospital.
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3.18 Prognosis

While survival of multiple myelomaisimproving,
average length of survival even with treatment is
almost 5 years with a small percentage of patients
surviving for greater than 7 years. Several factors
have been identified that contribute to the prog-
nosis in MM, including karytypic abnormalities
in the myeloma cells, serum levels of albumin and
B2 microglobulin, which reflects tumor burden in
patients without renal failure. Recently, Terpos,
Evangelos et al. studied the prognostic implica-
tions of the ratio of SRANKL/OPG in myeloma
and found it correlated with the extent of bone
disease [88]. Terpos et al. developed a survival
model including SRANKL/OPG ratio, C-reactive
protein (CRP) and P2-microglobulin and com-
pared it to the model developed by Bataille et
al. using only CRP and B2-microgobulin [3,5,88].
Patients were given scores based on the value of
SRANKL/OPG ratio, CRP and f2-microglobulin.
The patients then were divided into 3 subgroups;
low risk with a score of less than 6, intermedi-
ate risk with a score of 6-8, and high risk with a
score of greater than 8 with a 5 year survival rate
of 96%, 52%, and 0% respectively. Terpos et al.
found that inclusion of sSRANKL/OPG along with
CRP and B2-microglobulin then was superior at
predicting 5 year survival than Bataille’s model
[3, 88].

3.19 Treatment of Myeloma
Bone Disease

Specific therapies aimed at ameliorating bone
disease and its complications are given in con-
junction with chemotherapeutic regimens to
treat the underlying malignancy and include
radiation therapy, kyphoplasty or vertebro-
plasty, surgery, and bisphosphonates.
Bisphosphonate therapy is used in patients to
decrease bone pain, progression of lytic lesions,
and development of new pathologic fractures
and may improve survival. Bisphosphonates are
synthetic analogues of pyrophosphate that act
to inhibit osteoclast activity. The improvement
of bone pain and life quality is thought to

be due to inhibition of OCL activity mediated
by induction of OCL apoptosis through inhibi-
tion of protein prenylation. Of the bisphospho-
nates available on the market, not all have been
proved effective for the treatment of myeloma
bone disease. Intravenous pamidronate, 90 mg
once monthly, and zoledronate, 4 mg once
monthly, are the mainstay of bisphosphonate
therapy in myeloma [8]. One study which eval-
uated pamidronate therapy found a reduction
in the number of skeletal events per patient
year when compared to placebo (1.3 versus 2.2)
when patients were treated for 21 months [9].
A more potent bisphosphonate being used in
management of myeloma bone disease is intra-
venous zoledronate, a newer generation, high
potency bisphosphonate. When compared with
pamidronate in phase III trials, zoledronate was
found at 4 mg to be as effective as pamidronate
in decreasing the number of skeletal complica-
tions and need for radiation therapy, with the
benefit being that it can be given over a shorter
period of time (15 minutes versus 2 hours) [79].
Intravenous ibandronate is used in Europe for
management of myeloma bone disease and is
being evaluated for use in the United States. Oral
bisphosphonates have less utility in treatment
of myeloma bone disease. With oral bioavail-
ability being less than 4%, the potency of the
oral forms has a lesser benefit in decreasing the
number of skeletal events when compared to the
available intravenous forms [18]. Current rec-
ommendations suggest starting therapy when
there is evidence of bone involvement. Duration
of therapy with IV bisphosphonates is poorly
understood. Optimal duration of therapy as well
as interval of dosing is currently being stud-
ied. Current consensus statements recommend
treating patients for 2 years and then considera-
tion of discontinuing therapy at that time if the
patient is in remission or a plateau phase of their
disease [55]. ASCO guidelines currently recom-
mend using either pamidronate or zoledronate
in patients with lytic destruction of bone or
spinal cord compression evidenced on imag-
ing [54]. Patients with renal impairment should
receive pamidronate over a longer infusion time.

Percutaneous vertebroplasty (PVP) is a tech-
nique that involves fluoroscopic percutaneous
injection of polymethylmethacrylate (PMMA), a
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component of bone cement, into vertebral bod-
ies for stabilization or relief of pain. The dis-
eased vertebral body is injected bilaterally or
unilaterally and provides immediate relief in a
significant number of patients. Kyphoplasty is
a technique that involves placement of inflat-
able bone tamps into the vertebral body. This
technique expands the vertebral body back to
its original height and provides a compart-
ment into which bone cement can be injected.
Both result in decreased myeloma induced bone
pain and improvement in functional activity in
patients with vertebral compression fractures
secondary to bone involvement [60]. Compli-
cations of the procedures are rare and include
leakage of cement into surrounding tissues
causing radiculopathy, spinal cord compression,
and pulmonary embolism, but most often are
asymptomatic [19]. Other surgical modalities
are also used in managing myeloma bone dis-
ease including intramedullary nails and total hip
replacement. However, the ability for surgical
intervention to fail depends on the surrounding
extent of bone disease and increases in correla-
tion with time after development of pathologic
fracture.

Radiation therapy is one of the earliest forms
of treatment employed for management of MM.
Radiation therapy now serves a main role in
management of bony complications of myeloma
bone disease. Myeloma is relatively radiosensi-
tive with approximately 70% of patients with
myeloma bone disease receive radiotherapy at
some point during the course of their ill-
ness [12]. Patients with bone pain are typically
treated with approximately 30 GY of radiation to
promote bone healing and relieve pain. Higher
doses of therapy are avoided because of their
ability reduce or compromise future chemother-
apy and prevent future autologous stem cell
transplant.

As information regarding pathophysiology
continues to evolve, newer treatment modalities
for preventing and treating bony complications
of myeloma bone disease are becoming avail-
able. One such agent is Denosumab, a mono-
clonal antibody to RANKL, has been studied in
Phase I/II trials for management of bony compli-
cations and treatment of myeloma. Preliminary
results of these studies showed that Denosumab

decreased bone resorption for a total of 84 days
after a single subcutaneous dose [10]. Responses
were compared to pamidronate and found to be
similar in activity, but with Denosumab having
longer duration of inhibition of bone resorption.
Final recommendations regarding Denosumab
therapy await further clinical trials and analysis
of current data.

3.20 Bone Involvement
in Hodgkin’s Disease

Osseous involvement in Hodgkin's disease
(HD) occurs with a frequency of 10-15% [58].
Bone lesions in HD are often multiple and
seldom seen in early stages of the disease [47].
Clinically, pain is the most common symptom
from bone involvement in HD. Pain is usually
deep, localized, unremitting and often noc-
turnal. Neurological symptoms directly due to
involvement of bone have been seen in some
patients. Sites of involvement include the spine,
pelvis, femur, humerus, ribs, sternum, scapula
and base of the skull [11,71]. However, as with
non-Hodgkin's lymphoma (NHL), vertebral and
femoral involvement is the most common sites
affected [29]. Clinical chemistries are often not
helpful in diagnosis of bone involvement. Eleva-
tion of alkaline phosphate is of hepatic origin in
90% of the cases [2]. Hypercalcemia can be seen
due to excess production of 1,25(0OH), vitamin
D; or PTHrP by the lymphoma cells [27,82].
Radiographic findings include a vertebral
sclerotic pattern along with periosteal reaction
and hypertrophic pulmonary osteoarthropathy
[29]. Bone biopsies will often show fibrosis
and a mixed inflammatory infiltrate with rare
atypical cells. Bone disease in patients with HD
can be lytic, blastic or mixed. The mixed form
of bone disease is most prevalent [7,30,44,91].
Opinion regarding prognostic significance of
bone involvement in HD is divided and some
investigators believe survival time in patients
with bone involvement is longer [84,91].
A combined modality treatment approach
is most successful in management of bone
involvement HD.
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3.21 Bone Involvementin
Non-Hodgkin’s Lymphoma (NHL)

Bone involvement is indicative of disseminated
disease in NHL. Approximately 7-25% of patient
with NHL will develop bone involvement dur-
ing their course of disease [72]. About 4-9% of
patients present with bone destruction at time
of initial diagnosis [64,80]. Descriptions of bone
destruction have ranged from lytic to densely
osteoblastic lesions, but lytic lesions predomi-
nate [64,80]. The more highly aggressive, poorly
differentiated the lymphoma the more lytic the
bone metastases with little or no sclerosis. NHL
has a predilection for the axial skeleton with
about 75% of bone involvement in NHL being in
the axial skeletal [26]. The plexus as described
by Batson [6] provides an unobstructed path-
way to the spine for metastases from abdom-
inal and pelvic neoplasia. Occult lymphoma
deep in pelvic nodes may spread to the axial
skeleton via this mechanism before becoming
detectable at the primary site. The most prim-
itive, aggressive lymphomas are most likely to
have bone dissemination. Overall, patients with
diffuse rather than nodular patterns of involve-
ment more frequently have lytic lesions. As a
screening procedure for bone involvement, con-
ventional skeletal radiography yields a high rate
of false negative results, particularly when com-
pared to technectium-99m bone scans [14].

3.22 AdultTCell
Leukemia/Lymphoma (ATL) Bone
Disease

ATL is an aggressive peripheral T cell neoplasm
of CD4+ T-cells associated with infection by the
human T-lymphotropic virus, type 1 (HTLV-1).
The disease was first noted in Japan where
infection with the HTLV-1 virus affects approx-
imately 1.2 million people, with an annual
incidence of ATL being 700 persons [85]. The
cumulative risk of developing ATL in patients
harboring HTLV-1 is approximately 2.5% over
70 years.

3.23 Hypercalcemia Associated
with ATL

Approximately 70% of patients with Adult
T-cell leukemia/lymphoma (ATL) associated
with human T-cell leukemia/lymphoma virus-1
(HTLV-1) develop hypercalcemia at some point
during the course of their disease [49]. Hyper-
calcemia is a major cause of morbidity and
mortality in patients with ATL [74]. As with
myeloma bone disease, this is related, at least in
part, to increased osteoclast activity by osteo-
clast activating factors produced by the tumor
cells. While hypercalcemia of ATL is multifac-
torial in etiology, humoral hypercalcemia of
malignancy seems to be the main mechanism
by which hypercalcemia occurs in ATL. Sev-
eral studies found that a significant number
of patients with ATL had low phosphate lev-
els, hypercalcemia, and low levels of 1,25-(OH),
Ds. These laboratory values were consistent with
humoral hypercalcemia of malignancy and are
secondary to increased production of PTHrP
in ATL. The increased production of PTHrP in
ATL is thought to occur secondary to trans-
activation of the PTHrP gene by the HTLV-
1 tax protein. However, increased transactiva-
tion of the PTHrP gene has also been shown
to occur independently of the presence of
the tax protein, and thus other mechanisms
likely contribute to the increased PTHrP found
with ATL [42,76]. PTHrP is a protein that
resembles parathyroid hormone (PTH) in its
aminoterminal sequence, and like PTH, binds
to the type I PTH receptor. PTHrP in turn
stimulate RANKL formation thus promoting
differentiation and maturation of osteoclasts.
The increased osteoclasts formation leads to
increased bone resorption and increased release
of calcium. PTHrP also acts on the kidney
to increase distal tubular reabsorption of cal-
cium, further increasing serum calcium levels.
This increased reabsorption of calcium by the
kidney is thought to be the primary mecha-
nism by which PTHrP induces hypercalcemia
of malignancy [77]. Despite increased bone
resorption, serum phosphate levels are also low,
because PTHrP inhibits proximal tubular reab-
sorption of phosphate in the kidney. Thus, the
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etiology of hypercalcemia in ATL is multifacto-
rial and in different patients is likely due to a
combination of increased bone resorption and
increased production of PTHrP by the malignant
cells.

3.24 Pathophysiology of ATL
Bone Disease

In contrast to multiple myeloma patients fewer
than 10% of patients with ATL develop lytic
bone lesions [78]. However, bone marrow exam-
ination of ATL patients at autopsy has shown an
increase in activity of osteoclasts with increased
bone resorption. The pathophysiology of the
increased bone resorption in ATL patients is
similar to that of patients with myeloma bone
disease [81], with cytokines or factors secreted
by the lymphoid tumor cells or bone mar-
row stromal cells responsible for increasing
the activity of osteoclasts (OCLs). The factors
associated with increased OCL activity in ATL
include; IL-1, IL-6, TNF-o/f, and MIP-1a/MIP-
1B, which can increase bone resorption [66].
MIP-1a has been reported to increase bone
resorption by stimulating production of osteo-
clastogenic factors such as IL-6, RANKL, and
PTHrP by osteoblasts and BMSCs in patients
with ATL [39]. RANKL has also been found to be
responsible for increasing OCL activity and thus
increasing bone resorption in ATL. One study
analyzed the gene expression profiles of patients
with ATL with and without hypercalcemia [65].
This study found that patients with hypercal-
cemia overexpressed RANKL and those without
hypercalcemia did not. RANKL induces differ-
entiation of precursor cells into osteoclasts in
the presence of M-CSE. Lastly, IL-1, 1,25(0OH),
D3 and PTHrP have been reported to be ele-
vated in patients with ATL and have been asso-
ciated with increased osteoclast activity and
increased bone resorption in vitro [78]. Thus,
cytokines produced by the lymphoid tumor cells
in patients with ATL, either directly or indirectly,
enhance osteoclast stimulation and increased
bone resorption.

3.25 Treatment of ATL Bone
Disease

Unlike myeloma, the main bone involvement
in ATL appears to be secondary to increased
activation of osteoclasts, thus increasing bone
resorption, with only a minority of patients
experiencing osteolytic bone lesions. Thus the
mainstay of treatment of bone involvement in
ATL is management of the underlying disease
and decreasing tumor burden. Hypercalcemia
associated with ATL is also managed by treating
the underlying disease in an effort to decrease
tumor burden as well as the use of intravenous
bisphosphonates.
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Mechanism of Metastasis to Bone: The Role

of Bone Marrow Endothelium

Carlton R. Cooper, Robert A. Satcher, Lisa A. Gurski,
and Kenneth L. van Golen

4.1 Introduction

Cancer cells in the bone come from two sources:
primary tumors or metastases from other tis-
sues. Primary cancer of the bone is rare, with
2,370 new cases and 1,330 deaths expected in
2007. Primary cancer accounts for less than 0.2%
of all cancers combined [American Cancer Soci-
ety (ACS)]. The most common type of primary
bone cancer is osteosarcoma (35% of bone can-
cer cases), followed by chondrosarcoma (26%)
and Ewing tumor (16%). Most cancer cells in
the bone marrow result from metastasis to bone.
Breast and prostate cancers are adult cancers
that frequently metastasize to bone [25]. Neu-
roblastoma, a cancer common in children, also
frequently metastasizes to skeleton [102]. After
lung and liver, the skeleton is the third most
common site for cancer metastases. Of sites
within the skeletal system, the spine is the most
common cancer site, followed by the pelvis, hip,
femur, and the skull [ACS].

Bone metastasis is significantly associated
with debilitating and costly complications,
termed skeletal-related events (SREs) [19, 64].
SREs include intense bone pain, pathologic frac-
tures, and spinal cord compression. The qual-
ity of life of patients experiencing SRE is greatly
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diminished, with relief provided only by sup-
portive therapies.

Bone marrow endothelial cells (BMECs) con-
tribute to the metastatic process in two ways:
(1) by docking and locking circulating can-
cer cells and (2) by promoting their growth
in the bone marrow by forming a vascular
canal (angiogenesis) that supports tumor expan-
sion and progression [27, 81]. This chapter will
address the salient features of BMECs in normal
bone physiology and their role in metastasis,
and suggest therapeutic approaches for inhibit-
ing cancer cell metastasis.

4.2 The Clinical Sequelae
of Bone Metastasis

Bone metastases occur in up to 70% of patients
with advanced prostate or breast cancer [19, 21,
88]. These two cancers account for almost 80%
of the cases of metastatic bone disease [21]. The
remainder are due to carcinoma of the lung,
colon, stomach, bladder, uterus, rectum, thy-
roid, or kidney [88, 22]. Overall, about 350,000
people with bone metastasis die annually in the
United States [88]. Once bone has been invaded,
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the causative tumor tends to become incur-
able. Only 20% of breast cancer patients and
25% of prostate cancer patients are still alive,
5 years after their bone metastases have been
diagnosed [88].

Osteolytic bone metastases cause severe bone
pain, pathologic fractures, hypercalcemia, spinal
cord, and other nerve compression or entrap-
ment syndromes. Osteoblastic bone metastases
cause bone pain and pathologic fractures, often
because the bone produced is of inferior quality.

4.3 Natural History

Radiographs, bone scanning, and biochemical
tests are used to detect bone cancer, with disease
progression best estimated by combining imag-
ing test results with bone-specific marker mea-
surements. The rate of bone resorption correlates
strongly with clinical outcome. For prostate and
breast cancer patients, the median survival time
is 2-3 years, whereas with advanced lung cancer
and melanoma, it is usually 4-6 months [64].
From a clinical viewpoint, bone metastases
are categorized as osteolytic, osteoblastic, or
mixed. However, metastatic bone cancers are
better described as having resulted from dys-
regulation of the normal bone remodeling pro-
cess [88, 64]. Patients tend to have primarily
osteolytic or osteoblastic metastases; they also
may have mixed lesions containing both oste-
olytic and osteoblastic constituents. Lytic metas-
tases are most common in multiple myeloma,
melanoma, breast, lung, thyroid, renal, and
gastrointestinal malignancies. The lesions in
prostate cancer are predominantly osteoblastic;
however, there is also increased bone resorption.
Breast, lung, carcinoid, and medulloblastoma
tumors also can cause sclerotic lesions [21].
Why tumors tend to metastasize to bone is
not understood fully. Blood flow may be a major
factor. For example, because bone metastases
commonly affect the axial skeleton, it may be
the type of circulation within the bone marrow
space, with its sluggish blood flow, that allows
metastases to establish themselves. Another con-
tributing factor may be the interaction between
metastasizing cells and the bone microenvi-

ronment. Establishing metastatic bone cancers
sequentially involves primary tumor growth, the
release of tumor cells into lymphatic and/or
blood vessels, survival of tumor cells in the
circulation, arrest in the microvasculature of
the target organ, extravasation of tumor cells,
invasion of the target organ, and growth at
the metastatic site [88]. Malignant cells secrete
factors that directly and indirectly stimulate
osteoclastic activity, including prostaglandin-E,
a variety of cytokines, and growth factors such
as transforming growth factors alpha and beta,
epidermal growth factor, tumor necrosis fac-
tor (TNF), and interleukin-1 (IL-1), IL-6, IL-
8, and IL-11 [19, 21]. Local paracrine factors
such as procathepsin D and RANKL, and sys-
temic factors such as parathyroid hormone-
related peptide (PTHrP) are also important [88].
Bone-derived growth factors and cytokines from
resorbing bone also can attract cancer cells and
facilitate their growth and proliferation. More
recently, there has been a focus on the role of the
bone microenvironment in supporting metasta-
sis formation. Tumor cell interactions with bone
include exchange and response to the extracel-
lular matrix (ECM) and secreted cellular con-
stituents. The ‘vicious cycle’ hypothesis states
that there are complex and multiple steps in the
process of bone metastasis and that a reciprocal
soluble interaction occurs between breast can-
cer cells and the bone microenvironment which
involves various cytokines, growth factors, and
cellular signals[88]. More recently, it has been
shown that cell-cell contact between osteoblasts
and bone marrow stromal cells is an essential
step in metastasis of prostate cancer to bone can-
cer [92, 7]. Together these heterotypic cellular
interactions lead to tumor growth and alter bone

physiology.

4.4 Prognosis and Clinical
Course

The important prognostic factors in prostate
cancer, myeloma, and breast cancer are listed
in Table 4.1 [19, 21]. Skeletal metastases are
the cause of severe morbidity and mortality
in many cancer patients. Skeletal complications
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Table 4.1.
Prostate

Prognostic factors in metastatic bone disease [17, 18]

Skeletal distribution
Performance status
Extraosseous disease
Alkaline phosphatase
Hemoglobin

PSA increase
Extraosseous disease
Disease-free interval
Performance status
Estrogen receptor status
Age

Histologic grade
{32-microglobulin
Proliferative activity
(-reactive protein
Immunologic phenotype
LDH

Serum creatinine
Hypercalcemia

Breast

Myeloma

(also known as skeletal-related events) are a
frequent occurrence. On average, a patient
with metastatic disease will have a SRE every
3-6 months [19]. Events typically cluster around
periods of progression, becoming more frequent
as the disease becomes more extensive. The
most common skeletal complications include
pain, impaired mobility, hypercalcemia, patho-
logic fracture, and spinal cord or nerve root
compression [19, 20, 22, 64, 1]. The clinical con-
sequences of metastatic bone disease are greater
when vertebral fractures, pain, and radiotherapy
treatments are taken into account.

4.5 Hypercalcemia

Hypercalcemia is the most common metabolic
complication of metastatic bone disease [19, 21,
22]. The signs and symptoms of hypercalcemia
are nonspecific. The morbidity associated with
moderate-to-severe hypercalcemia (serum cal-
cium > 3 mM) includes unpleasant symptoms
related to dysfunction of the gastrointestinal
tract, kidneys, and central nervous system. With
higher serum calcium levels, renal function and
the level of consciousness deteriorate; death can
follow as the result of cardiac arrhythmias and
acute renal failure. Hypercalcemia occurs most
frequently in cases of squamous cell carcino-

mas of the lung, adenocarcinoma of the breast
and kidney, multiple myeloma, and lymphoma
[19, 21, 22]. Hypercalcemia is generally accom-
panied by low parathyroid hormone levels and
a high level of osteoclastic bone resorption. In
cases of myeloma or breast cancer, bone resorp-
tion is typically multifocal [22].

4.6 Pathologic Fracture

For patients with skeletal metastases, pathologic
fractures can have a devastating impact on prog-
nosis and quality of life. Orthopaedic surgeons
tend to treat these patients by focusing on main-
taining patient mobility and treating pain. At
times, surgery may be deemed too risky, but
surgical intervention is required for fractures,
because pathologic fractures will not heal by
immobilization in a cast [44, 1, 10].

The incidence of pathologic fractures in
patients with bone metastases, although uncer-
tain [19], has been estimated to be about 60%
in breast, kidney, lung, thyroid, and prostate
cancer patients. Vertebral collapse is probably
underreported in most series [21]. The probabil-
ity of developing a pathologic fracture increases
as the metastatic process progresses, and patho-
logic fractures are common in patients with a
relatively good prognosis. Rib fractures and ver-
tebral collapse are the most common, result-
ing in restrictive lung disease and kyphoscolio-
sis. Long bone fractures typically occur through
lytic metastases in weight-bearing bones such as
the femur. Damage to either cortical or trabec-
ular bone can lead to mechanical compromise.
Several scoring systems have been proposed to
predict fracture, based on the site, nature, size,
and symptoms [21, 1]. However, no scoring sys-
tem has been universally adapted, so that the
decision for surgical intervention remains with
the treating physician [21, 1, 10]. Occurrence of
a pathologic long bone fracture in a patient with
known metastatic bone disease can be prevented
by appropriate clinical management, such as
prophylactic fixation of an impending fracture.

Pathologic fractures do not necessarily indi-
cate terminal disease. It is easier to stabilize
a bone before it fractures, so internal fixation
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should be performed to prevent subsequent
fracture. The guiding strategy for surgical sta-
bilization is to assess the entire length of the
affected bone with radiographic studies prior
to surgery in order to ensure that other lesions
within the bone are recognized. All potential
areas for fracture in the bone should be sta-
bilized and included in the radiotherapy field.
Prophylactic radiotherapy after surgical fixation
inhibits further tumor growth and bone destruc-
tion [44, 1, 10].

Primary internal stabilization followed by
radiotherapy is usually the treatment of choice
for pathologic fractures [21]. With tumors that
tend to be radioinsensitive and/or highly vas-
cular, such as renal cell and thyroid carci-
noma, additional adjunct treatments such as
local curettage and preoperative embolization
may need to be used [10]. Endocrine treatment
or chemotherapy also may be appropriate.

4.7 Bone Pain

How bone pain is generated is not well under-
stood. Bone pain is thought to be the result of
events such as osteolysis, the effect of growth
factors and cytokines released by the tumor, the
result of direct infiltration of nerves, and tissue
production of endothelins [21, 22, 64]. Not all
bone metastases cause pain. In one study, “80%
of patients with advanced breast cancer devel-
oped osteolytic bone metastases, but only one-
third of these patients had bone pain [22]. Pain
from bone metastases has been described as a
sensation of deep drilling that may be accom-
panied by episodes of sharp, stabbing discom-
fort. Night pain is frequent, persistent, and is not
helped by sleep. Bone pain may be poorly local-
ized. When due to bony instability, the pain will
not be relieved by systemic treatments or radio-
therapy, but requires surgical stabilization [22].
Pain management is an important compo-
nent of clinical management. Good pain relief
can generally be obtained if the WHO protocol
for oral analgesic medications is followed [64].
However, bone pain often is undertreated [64].
The most frequent reasons cited are that the
physician has underestimated the patient’s pain,

the patient is reluctant to report pain, or the pain
has been inadequately assessed.

4.8 Spinal Cord Compression

Because spinal cord compression constitutes
a medical emergency, if a patient with bone
metastasis develops back pain, he/she should
be evaluated and assessed for symptoms of
cord compression [22, 1]. These include radic-
ular pain radiating down a limb or around the
chest, weakness or paralysis, numbness, urinary
retention, incontinence, and impotence. Posi-
tive findings should prompt MRI or equiva-
lent evaluation. If diagnosis is early, followed
rapidly by treatment, rehabilitation can be suc-
cessful. Treatment includes high-dose corticos-
teroid, surgical decompression, spinal stabiliza-
tion, and radiotherapy. If spinal compression is
not relieved within 24-48 h of the onset of symp-
toms, neurological recovery is not likely [21].

4.9 C(osts of Treatment

The costs associated with the clinical aspects of
metastatic bone cancer are substantial. In the
US, hospital costs for cancer patients have been
estimated to average $2000 per month (in 1990
dollars), with skeletal complications accounting
for 63% of the hospital expenditures. In the UK,
the average hospital cost of treating a patient
with advanced breast cancer is “$10,000 (in 1990
dollars), with the largest part going to the treat-
ment of complications of metastatic bone dis-
ease [19]. With 1.4 million new cases of can-
cer diagnosed in the US in 2006 [1], strategies
to reduce the incidence of bone metastases and
palliate established disease assume great clinical
and economic importance.

4,10 Endothelial Cells: A Brief
Overview

William C. Aird [3, 2] published an outstanding
and comprehensive review on the phenotypic
heterogeneity of the endothelium. Part 1 of the
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review covers structural and functional diversity
of endothelial cells and the evolutionary mech-
anisms underlying their diversity. Part 2 cov-
ers the unique structural and molecular features
of organ-specific endothelial cells in the normal
state and in diseases of the heart, lungs, liver, and
kidneys. Below, we present a brief summary of
relevant information on endothelial cell biology
and diversity. The interested reader is urged to
consult the articles by Aird for more details.

According to Aird [2], Marcello Malpighi
was the first to view blood capillaries in 1661.
The term endothelium was used by the Swiss
anatomist Wilhelm His in 1865 to distinguish
the inner lining of body cavities from epithe-
lium. Electron microscopic studies revealed the
structural diversity of various organ-specific
microvascular vessels. Three endothelium struc-
tures were identified: continuous, fenestrated,
and discontinuous. Endothelial cells differ in
structure and function, as stated by L Florey in
1966 (reviewed in [2]): “Now it is recognized that
there are many kinds of endothelial cells, which
differ from one another substantially in struc-
ture, and to some extent in function.”

In 1973/1974, Jaffe and colleagues, along with
Gimbrone and colleagues [51, 41], reported the
isolation of human umbilical vein endothelial
cells (HUVECs). This cell line is commonly used
as an experimental model, including studies
of cancer metastasis and inflammation. Nev-
ertheless different vascular beds express dif-
ferent proteins, an indication that endothelial
cells are molecularly diverse [59, 79, 66]. This
prompted Auerbach and colleagues [2] to state:
“The concept that vascular endothelial cells are
not all alike is not a new one to either morphol-
ogists or physiologists. Yet laboratory experi-
ments almost always use endothelial cells from
large vessels such as HUVEC or bovine dorsal
aorta, since these are easy to obtain and can be
readily isolated and grown in culture. The tacit
assumption has been that the basic properties of
all endothelial cells are similar enough to war-
rant the use of the cells as in vitro correlates of
endothelial cell activities in vivo.”

Since this statement, findings have been
published that support the molecular diversity
of endothelial cells. One study reported a
difference in the HUVEC and human dermal

microvascular endothelial cells (HDMVECs)
response to protein kinase C activation [66].
Global expression profiling showed that
endothelial cells from different blood vessels
and microvascular endothelial cells from differ-
ent tissues display unique expression profiles
[17]. Chi et al. [17] further reported that large
vessel endothelial cells and microvascular
endothelial cells differed in gene expression.
This also was true for arterial and venous
endothelial cells. For example, a recent investi-
gation on lung endothelial cell junctions showed
that N-cadherin and activated leukocyte cell
adhesion molecule (ALCAM) are preferentially
expressed in the pulmonary microvascular
network, as compared to endothelial cells in the
pulmonary arterial network [75]. Endothelial
cell diversity is of benefit to the various organs
in which these cells are sited, but also represents
a challenge for therapeutic angiogenesis. Just as
endothelial cells differ in response to a variety
of biologic agents, they are likely to differ in
response to angiogenesis therapy [23].
Endothelial cells derived from the bone
microenvironment are structurally and molec-
ularly distinct from those in other organs and
from large vessel endothelial cells. Schweitzer
and colleagues [93] reported in 1997 that
hematopoietic progenitor cells (HPCs) adhered
more to primary and immortalized BMECs
treated with TNF-a as compared to TNF-a-
stimulated HUVEC. In addition, the importance
of vascular cell adhesion molecule 1 (VCaM1)
and intracellular adhesion molecule (ICaM1) in
HPC adhesion to HUVEC was reduced, com-
pared to BMECs. Also, heparin sulfate derived
from BMECs has more O-sulfation of the N-
sulfated domains compared to HUVEC; this
unique feature contributes to the ability of
BMECs to preferentially bind to the stromal
derived factor-1 (SDF-1) [71]. The chemokine
SDEF-1 present on BMECs is presented to HPC to
mediate their homing to the bone marrow [72].
Interestingly, endothelial cells in different
sites within the bone microenvironment are not
alike. Using a mouse model, Sosnoski and Gay
[98] demonstrated differences between genes
expressed in bone-derived vascular endothelial
cells (BVECs) and marrow-derived endothelial
cells (MVECs). BVECs preferentially express
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aldehyde dehydrogenase 3A1 (ALDH3Al),
secreted modular calcium-2 (smoc-2), CCAAT
enhancer binding protein (C/EBP-f), matrix
metalloproteinase 13 (MMP-13), and annexin 8
(ANX8). MVECs preferentially express Spa and
matrix GLA-protein (MGP). For a discussion
of the functions of these proteins, the reader is
referred to [98]. In this publication, Sosnosly
and Gay [98] point out that even different ves-
sels in the same organ are composed of distinct
endothelial cells that differ in the proteins they
express.

4.11 Bone Marrow Endothelial
Cells and Bone Physiology

Osteogenesis, the development and maturation
of osteoblast precursors, is intimately linked to
bone marrow angiogenesis, as only cells situated
near a blood vessel give rise to bone tissue. For
example, osteoblast-derived vascular endothelial
growth factor (VEGF) stimulates bone repair in
a mouse model by promoting angiogenesis and
osteoblast differentiation [99]. These two pro-
cesses become coupled during skeletal develop-
ment in mice as a result of the action of the
hypoxia-inducible factor o (HIF-a). According to
this report, osteoblasts sense a reduction in oxy-
gen tension and respond by activating the HIF-
o pathway by the action of which VEGF biosyn-
thesis is increased, leading to the stimulation of
angiogenesis in BMECs. The increase in blood
vessel formation provides the oxygen needed for
osteoblast differentiation and bone growth. In
support of this model, mice that overexpress HIF-
o in osteoblasts also express high levels of VEGF
and develop very dense highly vascularized long
bones. The reverse was observed for mice that
lack HIF-a, namely, their long bones were thin-
ner and less vascularized than in controls.

Bone resorption requires the adhesion of
osteoclast precursors to BMECs so that the
precursors can migrate to the site of resorp-
tion (reviewed in [12]). BMECs act to sepa-
rate osteoclast precursors from the bone surface.
Osteoclast precursor cells recognize specific cell
surface receptors, expressed in a time- and
space-dependent manner, on BMECs located in

the cutting cone of cortical bone. This event is
similar to the transendothelial migration (TEM)
of both neutrophils and cancer cells [68].

It is apparent that BMECs are vital for nor-
mal bone physiology because, in response to
osteoblast-derived VEGE, they construct a blood
supply needed for bone formation and repair.
In addition, BMECs direct osteoclast precursor
cells to the site for bone resorption. They do so
because they express specific cell surface recep-
tors that facilitate adhesion and TEM.

4.12 Bone-Marrow Endothelial
Cells in Tumor Angiogenesis

Little is known about the factors that stimulate
growth and migration of BMECs during tumor-
induced angiogenesis. Bone marrow angiogen-
esis is critical for the metastatic progression of
breast cancer, multiple myeloma, and prostate
cancer [81, 16, 82, 68]. Bone marrow microves-
sel density is significantly higher in breast can-
cer patients with bone disease than in patients
without evidence of bone metastasis [15]. Bar-
rett and colleagues [8] showed that conditioned
media from PC-3, a prostate cancer line derived
from a bone metastasis, stimulated two bone
marrow-derived endothelial cell lines, HBME-1
[62] and TrHBMEC [93], to form large, branch-
ing, cord-like structures that mimic angiogen-
esis. This was not observed when HDMVECs
were exposed to PC-3 conditioned media. Using
c¢DNA microarray and cytokine and neutral-
izing antibodies, Barrett and colleagues [9]
showed that TGF-B, secreted at low levels by
PC-3, mediated the differentiation of HMBE-
1 through TGFBRIL. Moreover, angiogenesis-
associated genes in bone, liver, and lymph node
metastases from prostate cancer differed in the
degree of angiogenesis expression [70]. Simi-
larly, expression of bone sialoprotein and factor
XIII was increased and expression of ephrin-Al
and angiopoietin-2 decreased in prostate can-
cer cells that had metastasized to bone, com-
pared to prostate cancer cells that had metas-
tasized to liver and lymph nodes. This suggests
that angiogenesis is induced differently in bone,
lymph node, and liver.
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Bone marrow angiogenesis induced by multi-
ple myeloma has been studied more extensively
than breast- and prostate cancer-induced bone
marrow angiogenesis [reviewed in [82]]. Dor-
mancyisinduced in multiple myeloma during the
avascular phase (non-active multiple myeloma),
whereas factors such as hypoxia and shear stress
stimulate non-active multiple myeloma to switch
to an angiogenic phenotype, called the vascu-
lar phase or active multiple myeloma. Factors
that have been identified as producing bone mar-
row angiogenesis in multiple myeloma are IL-6,
TNF-a, VEGE, fibroblast growth factor-2 (FGF-
2), hepatocyte growth factor (HGF-1), insulin-
like growth factor (IGF-1), macrophage inflam-
matory protein-1 (MIP-1), monocyte chemotac-
tic factor-1 (MCP-1), and SDF-1. These cytokines
and the cellular signals they induce may therefore
constitute novel therapeutic targets for vascular
phase active multiple myeloma, a condition that
remains a clinical challenge.

4.13 Bone-Marrow Endothelial
Cells as an Adhesive Substrate for
Circulating Cancer Cells

Circulating cancer cells interact with BMECs
prior to establishing a metastatic lesion. The ini-
tial transient binding of the cancer cell to BMEC
is called docking, followed by a firmer attach-
ment called locking (reviewed in [24]). PC,
BC, and neuroblastoma bind preferentially to
BMECs, compared to HUVECs and HDMVECs
[62, 16, 102]. Rolling of a bone-metastatic
prostate cancer cell line on IL-1f-stimulated
bone marrow endothelium under shear flow
is mediated by E-selectin [32]. E-selectin in
turn binds to cognate glycoprotein ligands
on prostate cancer cell lines [33]. For breast
and prostate cancer cells to bind to BMECs
may require endothelial lectin, galectin-3, and
Thomsen-Friedenreich (TF) antigen-expressing
glycoprotein on the tumor cell surface [42,
53]. Interestingly, Romanov and colleagues [87],
using C4-2B of the LNCaP human prostate
cancer progression model, have reported that
even prostate-specific antigen (PSA) can medi-

ate prostate cancer cell adhesion to BMECs.
Cooper and colleagues [26] demonstrated that
BMEC growth on bone marrow-soluble ECM
extract increased the affinity of BMECs for PC-
3 cells. Neuroblastoma cells that express a high
level of IGF-I receptor adhered preferentially to
BMECs, whereas neuroblastoma cells that lacked
the IGF-I receptor, did not. This suggests that
IGF-I, a common growth factor in the bone
marrow, may enhance adhesion of specific can-
cer cells to BMECs. It is now known that SDF-
la stimulates prostate cancer cell adhesion to
BMECs and that SDF-1a contributes to special-
ized microdomains on BMECs that are targeted
by circulating malignant cells [95, 100]. There-
fore, both IGF-I and SDF-1 are likely to play
vital roles in regulating cancer cell adhesion to
BMECs.

Invasion of the target organ during metas-
tasis requires cycling of focal contacts and
dynamic adhesive interactions with the
endothelium and subendothelial matrix [94]. As
discussed above, some cancer cells may dock
onto endothelial cells, with the docking process
mediated by endothelial selectins and cancer cell
glycoproteins. Locking onto the endothelium
is usually mediated by integrins [25]. In breast
cancer, cross-linking of CD44, another cell
surface glycoprotein known to function as the
receptor for both osteopontin and hyaluronan,
induces expression of a4pl and aLB2, leading
to tumor-endothelial adhesion and TEM [106].
After stimulation by HGF and eventual release
of TEM, CD44 participates directly in adhesion
of breast cancer cells to BMECs. Furthermore,
CD44 and 04pl can mediate murine myeloma
binding to BMECs and adhesion of prostate
cancer cells to BMECs [77, 34].

How important cancer-endothelial adhe-
sions are to enhance the ability to metasta-
size and for transmigration of the endothe-
lium requires further study. As demonstrated
by Sikes et al. [94], trapping and juxtaposi-
tion of a metastatically competent cancer cell
to the endothelium is as important as selec-
tive adhesion. Their findings showed a marked
increase in TEM by the more aggressive cancer
cells. Nonetheless, there is substantial evidence
of a significant role for selectins, integrins, cad-
herins, immunoglobulins, and other CAMs in
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adhesions before TEM can proceed. Cytokines
may activate both cancer and endothelial cells
to mediate ‘docking’ and expression of CAMs
during the formation of weak cancer cell adhe-
sions to endothelium. Cytokines may strengthen
these adhesive interactions to ‘lock’ the cancer
cell to the endothelium [13, 56]. CAMs that are
present at endothelial-endothelial and tumor-
endothelial junctions play an important role in
the cycling of focal contacts during diapedesis of
the cancer cell through the endothelium.

Even though tumor adhesion to endothe-
lium facilitates TEM, tumor-endothelial adhe-
sion can also serve as a defense against metas-
tasis [50]. The transmembrane protein KAI is a
metastasis suppressor when present at the sur-
face of tumor cells [7] and its expression is
reduced in metastatic tumors [86]. KAIl binds
the chemokine receptor, Duffy antigen/receptor
for chemokines (DARC), on endothelial cells,
and the interaction of these two molecules plays
a role in trapping prostate cancer cells in the
capillaries of the bone marrow during tumor cell
arrest to suppress metastasis [7].

4.14 Rho GTPases: A Brief
Background

Many of the diverse components of the
metastatic phenotype, including angiogen-
esis, are controlled by members of the Ras
superfamily of small GTP-binding proteins. The
number of members of the superfamily exceeds
130, which fall into the Ras, Rho, Arf/Sarl, and
Rab/Ran subfamilies (reviewed in [101]).

All aspects of cellular motility and invasion,
including cellular polarity, cytoskeletal organiza-
tion, production of angiogenic factors, and trans-
duction of signals from the outside environment
are controlled by an interplay between members
of the Rho-GTPase subfamily [32, 38, 54, 91, 31,
35, 6, 84, 108, 55, 90]. The Rho-GTPases sub-
family consists of small monomeric GTP-binding
proteins (20-30 kDa) that have been highly con-
served throughout evolution [65].

Rho was isolated in 1985 from Aplysia califor-
nica [65] due to its homology to Ras (Rho stands
for Ras homologous). Identification of three

closely related human Rho homologs, RhoA,
RhoB, and RhoC, soon followed [65]. Other
members of the Rho subfamily, human Cdc42 (a
homolog of yeast Cdc42), Racl, Rac2, and Rac3,
were found to be distinct in function from the
other Rho proteins [85, 57, 73].

Since Rho was first described, 21 Rho-family
genes encoding 23 signaling molecules have
been identified in humans [84]. These proteins,
although related, differ from one another by
virtue of their structural, biochemical, and func-
tional features (reviewed in [84, 107]). Simi-
lar to Ras, Rho proteins are localized at the
inner plasma membrane by a C-terminal lipid
modification. Localization to the plasma mem-
brane is necessary for activation [48]. Also like
Ras, the Rho proteins can bind GDP/GTP and
hydrolyze GTP. This in turn activates down-
stream effector molecules and leads to a cellu-
lar response [65, 85]. Rho proteins are inactive in
their GDP-bound state, but become active when
GTP-bound [65, 85]. Some Rho-family mem-
bers, such as RhoE/Rnd3 and RhoH, lack intrin-
sic GTPase activity and appear to inhibit the
activity of other Rho GTPases [30, 29, 74, 63].

Of the nearly two dozen Rho genes that have
been identified, four members, RhoA, RhoB,
Racl, and Cdc42, have been studied extensively.
A series of elegant experiments, by Alan Hall
and Anne Ridley, determined the functions of
the RhoA, Racl, and Cdc42 proteins. At nearly
the same time that RhoA was identified, C3
exotransferase, a toxin derived from Clostrid-
ium botulinum, was found to effectively target
Rho (A, B, and C) proteins, but with little effect
on Rac or Cdc42 [5, 37, 84]. C3 exotransferase
inhibits Rho protein activity by promoting ADP-
ribosylation of asparagine 41, thereby inhibiting
the interaction between GTP-bound Rho and
downstream effector molecules [4]. This does
not affect the active state of Rho, but the GTPase
becomes ineffectual. By combining C3 exo-
transferase treatment and cell transfection with
constitutively active forms of RhoA, the Hall
and Ridley groups showed that Rho formed
bundles of actin stress fibers, thereby causing
the actin cytoskeleton to become organized [80,
85]. Other experiments have shown that Racl
and Cdc42 proteins play a role in forming
actin-rich  lamellipodia and filopodia,
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respectively [85, 73]. The dominant-negative
GTPases exert their effect by entering into
non-productive interactions with the guanine
nucleotide exchange factors (GEFs), thereby
preventing activation of the wild-type Rho
proteins. The individual role played by each
GTPase in bringing about cellular motility was
then established. This included lamellipodia
and filopodia formation, control of vesicular
trafficking, apoptosis, cellular transformation,
cell adhesion, growth control, and angiogenesis
[43, 83, 28, 32, 39, 14, 18].

Cytokine, chemokine, growth factor, or inte-
grin ligation activate Rho GTPases through
interactions of several Rho regulatory proteins,
the GTPase-activating proteins (GAPs), GDP-
dissociation inhibitors (GDIs), GDI release fac-
tors (GRFs), and GEFs [78, 40, 54, 69, 90]
(see Fig. 4.1). The entire cycle is balanced by
GDIs, which prevent GDP dissociation and act
to sequester the Rho proteins in the cytoplasm
[69]. The GDP-bound, inactive Rho is liberated
from the GDI by the GEF and becomes local-
ized at the inner plasma membrane, remaining
in the inactive state. Activation of the GEFs by
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tyrosine kinase growth factor receptors or inte-
grin ligation dephosphorylates GTP and acti-
vates the GTPase [78]. Simultaneously, growth
factor receptor-induced phosphorylation of Ras-
GAP leads to heterodimer binding and inactiva-
tion of RhoGAP, allowing the GTPase to remain
active [89]. GTP binding produces a conforma-
tional change in Rho that causes interaction
with and activation of downstream effector pro-
teins, inducing a cellular response [11]. Through
unknown mechanisms, the RasGAP/RhoGAP
heterodimer dissociates and the active GAPs cat-
alyze hydrolysis of GTP to GDP, inactivating the
GTPase and closing the cycle [89].

4.15 Rho GTPases
and Angiogenesis

Early experiments had shown that Ras GTPase
activation led to expression of pro-angiogenic
and inflammatory cytokines. From this was
inferred that Rho GTPases also modulate the
production of pro-angiogenic factors [58]. The
introduction of constitutively active Ras was
then shown to upregulate VEGF-A production
in epithelial cells and fibroblasts. Cell lines that
express dominant active K- or H-Ras also dis-
play increased levels of VEGEF-A, but not VEGF-
B or -C. Under normoxic and hypoxic condi-
tions, Ras mediates VEGF transcription in sev-
eral ways [76, 36]. Ras signal transduction path-
ways activate transcription factors such as AP-
2, Sp1/3, and HIF-1, and overexpresssion of the
translation initiation factor, eIF-4E, upregulates
VEGE The 4E-binding protein 1 (4E-BP1) causes
downregulation of eIF-4E, whereas phosphory-
lation of 4E-BP1 by the Ras-Raf-ERK pathway
initiates increased eIF-4E translation [46, 52].
Because Ras and Rho proteins are homolo-
gous and expressed in human cancers, it seemed
logical that activated Rho proteins would induce
pro-angiogenic and inflammatory cytokines,
which in turn would stimulate the production
of angiogenic factors by autocrine or paracrine
mechanisms [58]. Regulation of the transcrip-
tion of acidic FGF is regulated by Ras, Racl,
and Cdc42; the latter two are members of the
Rho GTPase subfamily [109]. Even though Ras



66

Bone and Cancer

and Racl activate the bFGF promoter in vitro,
these GTPases have not been shown to regulate
bFGF/FGEF-2 transcription in vivo.

When oncogenic Ras activates Racl through
the stress-activated c-Jun kinase (JNK) pathway,
transcription of thrombospondin-1 and -2 (Tsp-
1 and -2) is suppressed in tumor cells [109, 58].
Thrombospondins are ECM proteins that inhibit
angiogenesis [109]. If Tsp-1 and -2 transcription
is repressed, VEGF production increases sub-
stantially.

RhoA GTPase is implicated in prostate can-
cer angiogenesis via IL-8 [47]. RhoC, a close
homolog of RhoA and RhoB, induces expression
of pro-angiogenic factors, IL-8, IL-6, bFGEF, and
VEGF-A, in a mammary epithelial cell line [103].
Addition of conditioned medium (from RhoC-
transfected human mammary epithelial cells or
SUM149 inflammatory breast cancer cells) has
led to significant new vessel outgrowth [103]. In
contrast, media that contained low levels of IL-8,
IL-6, bFGF, and VEGF-A did not stimulate new
vessel formation. Interestingly, when Rho activ-
ity was inhibited by C3 exotransferase, the RhoC
expressing cells did not produce angiogenic fac-
tors. Inhibition of downstream targets of RhoC
signaling, PI3K, MAPK, and p38, indicated that
p38 had a role in RhoC-induced production of
VEGF-A. Both p38 and MAPK are required for
RhoC-induced migration [55, 104].

4.16 Rho-Mediated Endothelial
Cell Motility

The formation of new blood vessels requires
that endothelial cells migrate into the area
directed chemotactically by angiogenic factors.
Rho GTPases regulate cell migration through
control of the cytoskeleton, with the process
of migration dependent upon reorganization of
the actin cytoskeleton, changes in the adhe-
sion to the ECM, and the link between the two
transmembrane proteins. For a cell to become
migratory, several steps must occur: (1) cell
protrusions, lamellipodia or filipodia, must be
extended in a direction away from the cell,
(2) new attachments to the ECM must be formed
and stabilized, (3) contractile forces must pull

the cell forward, typically through the action of
myosin-based motors, and (4) adhesions in the
rear of the cell must be released [61].

Lamellipodia and filipodia are formed when
actin filaments become a meshwork and pro-
trude through the cell membrane [73]. Rac
GTPase is thought to be the principal enzyme
involved in the formation of lamellipodia. When
the dominant-negative Rac is incorporated in
epithelial cells, the formation of lamellipodia is
inhibited, whereas introduction of a constitu-
tively active Rac leads to the formation of broad,
non-directional lamellipodia in the absence of
a motogenic stimulus [85]. The same applies to
the regulatory role of Cdc42 with respect to the
formation of filipodia.

Activation of Rac GTPase in endothelial cells
must be tightly regulated for migration to be
appropriately directed [96]. Activation of Rac at
the proper time and site avoids the formation
of broad, non-directed lamellipodia which pre-
vent proper migration. Formation of lamellipo-
dia and filipodia depends on actin reorganiza-
tion and attachment formation, two processes
that are regulated by different downstream effec-
tors of Rac and Cdc42. Reorganization of actin is
due to GTPase control of actin-associated pro-
teins such as ARP and cofilin [67]. Attachment
formation is regulated by modifying focal adhe-
sion of FAK and paxillin [49]. A third actin
structure, actin stress fibers, is regulated by
RhoA GTPase [73]. Actin stress fibers are long
actin polymers that stretch throughout the body
of the cell and are anchored to the ECM by
focal adhesions. Actin stress fibers are involved
in cell contraction and in stabilization of cell
adhesions. Because migration involves alternat-
ing extension/contraction and adhesion/release
of the cell, Rho GTPases are bound alternatively
to active and inactive GDP.

Vascular endothelial cell motility and migra-
tion are brought about largely by VEGF sig-
naling through the VEGFR-2/KDR/Flk-1 tyro-
sine kinase receptor. VEGF enhances migra-
tion of HUVEC, a process that is inhibited
by a dominant-negative RhoA, is introduced
in the cell culture, or is treated with the
Rho kinase inhibitor Y-27632 [105]. Cross-talk
between VEGFR-2 and the heterotrimeric G pro-
tein, Gq/11, stimulates RhoA- and Rac-mediated



Mechanism of Metastasis to Bone

67

Figure 4.2.

ROCK inhibitor Y-27632 stimulates BMEC tube formation. BMECs were treated with Y-27632 for the entire duration of the Matrigel®

assay (1824 h). A: Untreated BMECs on Matrigel® for 24 h. B: ROCK inhibitor (30 1.LM Y-27632) treated BMECs on Matrigel® for 24 h.

endothelial cell migration [110]. Activation of
RhoA in this system is partially inhibited by
introduction of a dominant-negative Rac. How-
ever, in cultures of microvascular endothelial
cells from human foreskin, VEGF-stimulated
chemotaxis was due to activation of Rac, not
of RhoA [97]. Further, Cdc42 downstream from
VEGFR-2 is necessary for stress fiber formation
and p38-dependent endothelial cell migration
[60]. It is likely, therefore, that GTPases play a
significant role in endothelial cell migration.

4.17 Closing Comments
and an Emerging Concept

Not much is known of how Rho GTPases
function in angiogenic activity of BMECs, as
most relevant studies were done with HUVECs
and HDMVECs. We have preliminary find-
ings which indicate that BMECs act differ-
ently from HDMVECs in angiogenesis. BMECs
seem to be more sensitive to a novel anti-
angiogenic compound than are HDMVECs.
This novel compound activates RhoA GTPase
and inhibits microtubule organization. How-
ever, when Rho kinase (a.k.a. ROCK), one of
the downstream targets of RhoA, was inhib-
ited, vascular tubule formation of BMECs signif-
icantly increased (Fig. 4.2). These findings con-
tradict other reports where inhibition of ROCK
decreased angiogenic activity [45]. The mecha-

nisms of angiogenic activities, such as cell divi-
sion and cell motility, therefore seem to differ in
different endothelial cells. This would imply that
information on one cell type (i.e., HUVECs and
HDMVECs) cannot necessarily be extrapolated
to other cell types (i.e., BMECs). If these differ-
ences are confirmed, therapeutic approaches for
tailoring site-specific anti-angiogenic therapies
targeting BMECs cannot be based on findings
with HUVECs and HDMVECs.
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List of Abbreviations

WM micromolar

ATX Autotaxin

Ca?t Calcium

DAG Diacylglycerol

Edg Endothelial differentiation gene

EGF Epithelial growth factor

ER Endoplasmic reticulum

ERK Extracellular receptor activated
kinase

FAK Focal adhesion kinase

GPCR G protein-coupled receptor

IL-6 IL-8 Interleukin 6 and 8

LDL Low-density lipoprotein

LPA Acid lysophosphatidic

LPC Lysophosphatidylcholine

LPE Lysophosphatidylethanolamine

LPS Lysophosphatidylserine

LysoPLD Lysophospholipase D

MAPK Mitogen-activated protein kinase

M-CSF Macrophage colony stimulating
factor

nM nanomolar

PDGF Platelet derived growth factor

PI3K Phosphatidyl inositol-3 kinase

PLA2 Phospholipase A2

PLC Phospholipase C

PLD Phospholipase D
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PTH Parathyroid hormone

RANK-L  Receptor activated nuclear factor-«kB
ligand

ROCK Rho-associated coiled kinase

VEGF Vascular endothelial growth factor

5.1 LysophosphatidicAcid

The (1- or 2-)Acyl-lyso-sn-glycero-S-phosphate
(LPA) is the simplest glycerophospholipid
(Fig. 5.1). LPA derives from the hydrolysis of
membrane phospholipids following sequential
actions of different phospholipases (PLs) such
as PLC, PLAI, PLA2, and lysophospholipase D
(LysoPLD/Autotaxin [ATX]) (Fig. 5.1). LPA is
formed along two pathways. The first depends
on PLC activity. Upon cell activation, the PLC
cleaves phosphatidylinositol, releasing inosi-
tol triphosphate into the cytoplasm, whereas
diacylglycerol (DAG) remains attached to
the plasma membrane. DAG then undergoes
phosphorylation by the DAG-kinase, to yield
phosphatidic acid (PA) which in turn is cleaved
by PLA1 or PLA2 into a fatty acid chain (in
sn-1 or sn-2 position) and lysophosphatidic
acid. Thus, the term ‘LPA’ refers to a family
of molecules with multiple possibilities to
combine the position of the carbon chain in

E Bronner, M.C. Farach-Carson (eds.), Bone and Cancer, Topics in Bone Biology 5,
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Figure 5.1.  LPA formation.

sn-1 or sn-2 on the glycerol backbone and its
levels of saturation. The second pathway that
leads to LPA production is mediated by ATX
activity. Because of its lysophospholipase D
activity, ATX releases the choline moiety from
lysophosphatidylcholine (LPC) to generate LPA
directly (more details on ATX will be described
later in this chapter).

5.2 Invivo Sources of LPA

Blood platelets are the most important source of
LPA in the body, notably during platelet aggre-
gation induced by thrombin. LPA is detected in
plasma at concentrations on the order of 0.1 uM
that reaches micromolar levels in serum after
platelet aggregation [22]. However, local con-
centrations of LPA close to the site of platelet
activation may be greater (5-20 pM) [33].
Boucharaba et al. [11] observed that blocking
platelet function in animals results in a deple-
tion of LPA in the blood. Aoki et al. [4] have
reported that when serum is treated with throm-
bin, the LPA derived from platelets represents
only part of the total LPA in serum. In fact,
upon activation, platelets produce high amounts
of LPC, lysophosphatidylethanolamine (LPE),
and lysophosphatidylserine (LPS) because of the
downstream actions of sPLA2 and of a spe-
cific PL for LPS. These lysophospholipids then
will become the substrates for the lysoPLD/ATX

activity present in the plasma and will be trans-
formed into LPA [5]. Boucharaba et al. also
found that when metastatic breast cancer cell
lines were stirred with human platelets at 37°C,
there occurred aggregation and production of
biologically active LPA [11].

Human adipocytes express ATX [26] and pro-
duce LPA in vitro [118]. Adipocyte-derived LPA
is mitogenic for preadipocytes, with the mech-
anism dependent upon MAP kinase activation.
LPA produced by adipocytes in vivo may there-
fore increase the pool of fat cells and con-
tribute to obesity [91]. Because adipocytes and
preadipocytes are present in bone marrow, bone
constitutes a favorable environment for LPA tar-
get cells and may be a source of LPA.

NIH3T3 fibroblasts treated with PDGF pro-
duce LPA [32]. Treatments of fibroblasts with the
bacterial phospholipase D (Streptomyces chro-
mofuscus phospholipase D) induce conventional
cell signaling pathways associated with LPA
stimulation (Ras, Rho, MAP kinases, DNA syn-
thesis, calcium mobilization). Van Dijk et al.
[120] have shown that LPC located in the outer
layer of the plasma membrane can be a substrate
for the bacterial PLD to form LPA. Therefore
many cells can be the source of LPA, provided
they are in the presence of exogenous PLD or
LysoPLD.

The secreted PLA2 (sPLA2) has limited activ-
ity on phospholipids that are located in intact
membranes, but has markedly increased activity
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on damaged membranes or membrane
microvesicles [29]. Microvesicles are sponta-
neously produced by cells undergoing apoptosis
and are also generated by activated cells such
as aggregated blood platelets, erythrocytes,
or tumor cells. LPA accumulates in biological
fluids under pathological conditions [72, 104]
as in the aqueous humor after corneal injury
[72], or in ascites fluids of patients with ovarian
cancer [104]. Weakly oxidized LDL give rise to
biologically active LPA which, in turn, has been
implicated in the pathogenesis of atherosclerosis
[108]. Thus LPA can be seen to exert biological
activity under pathological conditions.

Even though a normal role for ATX in bone
has not been reported, ATX knockout mice die
as embryos; this suggests that ATX plays a cru-
cial role in development [113, 121]. In het-
erozygous animals the concentrations of LPA in
plasma and serum [113, 121] were half of the
normal values. For more than a decade ATX has
been known as a motility factor, secreted by
melanoma cells [109]. Recently, the role of ATX
in cell migration has been related to its lyso-
PLD activity and the formation of LPA [117].
ATX concentration varies in different human tis-
sues with the highest levels in brain, placenta,
ovaries, small intestine, and adipose tissue [68].
The knockout studies referred to above sug-
gest that ATX is the principal source of LPA in
the blood. Compared with corresponding nor-
mal tissues, ATX expression was found to be
elevated in a wide range of cancerous tissues,
i.e., colon, breast, prostate, lung, and liver [117].
Yang et al. have shown that the invasiveness of
breast cancer cells correlated with elevated levels
of ATX expression [133], but the mechanism is
not known. In MDA-MB-435 breast cancer cells,
integrin 0684 regulates ATX gene expression
through the NFAT-1 transcription factor [16].
This finding suggests that adhesion molecules
control the activity of ATX.

5.3 Biological Activities of LPA

Early in the 1960s, Vogt revealed that LPA was a
bioactive lipid that causes contraction of smooth
muscle cells [124]. Since then, a broad range of

biological activities have been assigned to LPA
(see review by Moolenaar [83]). Some activities
induce rapid cell responses that are indepen-
dent of protein synthesis, for example, cell con-
traction, mobility, chemotaxis, and invasion. At
the same time, LPA stimulates gene transcrip-
tion to mediate cell cycle progression and sur-
vival. It also enhances the secretion of growth
factors (VEGF) and of cytokines (IL-6, IL-8) that
act as secondary autocrine or paracrine factors
[82]. The biological functions of LPA in bone will
be discussed in more detail in the sections that
follow.

5.4 LPA Receptors

Because LPA is a lipid it has the potential to bind
to cell membranes hydrophobically. The exis-
tence of LPA receptors was subject to debates
until, in 1985, Watson and coworkers showed
that LPA activity on blood platelets was medi-
ated through the activation of an unidentified
cell surface receptor [127]. Later, LPA receptors
were detected at the cell surface of fibroblasts,
epithelial cells, and lymphocytes [51].

LPA receptors have been recently cloned
and characterized. All present the canonical
structure of seven transmembrane-spanning
domains of G-protein-coupled receptors
(GPCRs) (see Fig. 5.2). On the basis of sequence
homologies to the Edg-1 receptor first detected
in endothelial cells [69], many LPA receptors
belong to the endothelial differentiation gene
family (Edg). Of eight Edg receptors identified
so far, three are specific for LPA (LPA,/Edg-2,
LPA,/Edg-4, LPA;/Edg-7, [3, 7, 44] and five rec-
ognize another bioactive lysolipid, sphingosine
1-phosphate (S1P) [4, 47, 69, 76, 119]. Recently,
three other LPA receptors, LPA4/GPR23/P2Y9,
LPAs/GPR92, and LPA¢/GPR87 [62, 87, 111],
have been found to share the same GPCR struc-
ture, but have a very low sequence homology
to the Edg family members. Rather, they are
related to the purinergic receptors (P2Y).

LPA; is the most ubiquitous LPA recep-
tor, with very high expression in placenta,
brain, and heart. The expression profiles of
LPA, and LPA; are more restricted. LPA, is
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Figure 5.2.  Structure of LPA receptors and cell signaling pathways
activated through interaction with LPA.

expressed abundantly in the thymus and spleen
[3], whereas LPA; is expressed primarily in the
pancreas, testis, and prostate [7]. LPA; expres-
sion is low in human tissues, with the highest
levels in the ovaries [87]. LPAs and LPA¢ expres-
sions have not yet been reported for human tis-
sue. The transcription factor PPARy has been
identified as an intracellular receptor for LPA
[80], with activation of PPARy by LPA essential
for the formation of the neointima in atheroscle-
rosis [107].

The number of unsaturated bonds and the
position of the carbon chain (sn-1 or sn-2)
on the glycerophosphate backbone significantly
modulate the capacity of LPA to activate recep-
tors [8]. LPA; has the most restricted ligand
specificity, with the highest activity achieved
when stimulated with LPA that contains unsat-
urated or polyunsaturated fatty acid chains with
18 carbons (C18:1, C18:2, C18:3), preferentially
located on the sn-2 position. LPA; has the widest
specificity. LPA; has low specificity for LPAs with
short carbon chains (C12:0, C14:0) and is not
affected by the sn-1 or sn-2 position of the fatty
acid chain. Interestingly, most studies of LPA
function and its receptors were carried out with
the aid of 1-oleyl-LPA (C18:1).

LPA is water soluble but not active. It has
maximum activity when bound to a carrier that
interacts with LPA receptors. In vivo, LPA is pri-

marily linked to albumin. Recently, the secreted
form of gelsolin was shown to bind LPA with a
higher affinity than does albumin (K4 gelsolin
= 6 nM versus Kq albumin = 360 nM [41]).
The fact that LPA binds to many carriers may
have functional significance, including regulat-
ing bioavailability and protecting against degra-
dation by PLs present in biological fluids [115].
Degradation may constitute a mechanism for
cells to regulate LPA activity. Several members of
the lipid-phosphate phosphatases (LPP) family
that are expressed at the cell surface control LPA-
dependent signal transduction pathways [13].

5.5 Expression of LPA Receptors
in Skeletal Cells

Two 1955 reports [73, 123] were the first to
demonstrate that osteoblastic cells responded
to LPA and related lysophospholipids by MAP
kinase activation to a rise in the cytosolic con-
centrations of ionized free calcium [Ca®"];. Stud-
ies with RT-PCR revealed that bone and cartilage
cells express four of the five known LPA recep-
tors. Of these, LPA, is the most highly expressed
receptor form, followed by LPA, and LPA, [21,
38, 75, 126]. LPA; transcripts are detected in
osteoblastic cells, but are the least abundant
of the LPA receptors. Mouse MLO-Y4 osteo-
cytes express predominantly LPA; and LPA,,
with LPA; mRNA occurring only in trace levels
[54]. As will be discussed below, the LPA; recep-
tor is the functionally dominant form found
in osteoblasts and osteocytes. Little is known
about how osteoblasts respond to LPA, and
even fewer studies have determined the effects
of this lipid factor on chondrocytes. Kaplan
et al. [53] first reported that sheep growth plate
chondrocytes exhibited LPA-induced elevations
of [Ca®"]. These were pertussis toxin-sensitive,
a condition consistent with a requirement for
GPCRs. Kim et al. [62] subsequently determined
that rat articular chondrocytes express LPA; and
LPA;, but not LPA,. The mouse pre-chondrocyte
cell line, ATDCS5, expresses mRNA encoding
LPA,, LPA,, LPA;, and LPA, (Karin, unpublished
data). RAW 264.7 macrophages, which can be
driven into an osteoclast phenotype in vitro if
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cultured in the presence of macrophage-colony
stimulating factor (M-CSF) and receptor acti-
vator of NF-kB ligand (RANKL) express mRNA
encoding LPA; and LPA, (Karin, unpublished
data). Additionally, mRNA encoding the recep-
tors for LPA;, LPA,, and LPA; occur in mature
osteoclasts that were generated in vitro from
mouse spleen or bone marrow primary cells
that had been treated with M-CSF and RANKL
(Peyruchaud et al., in preparation). Recently,
Heise et al. [45] synthesized VPC-12249, an
antagonist of LPA; and LPA;. When mouse
bone marrow cells were treated with VPC-12249,
the in vitro differentiation of multinucleated
mature osteoclasts was inhibited (Peyruchaud et
al. unpublished data). Osteoclasts in vitro may
therefore also be subject to regulation by LPA.

In what follows, bone cell responses to LPA
receptor occupancy will be categorized as either
‘rapid’ (seconds to minutes) or ‘long-term’
(hours to days). To be sure, some LPA actions,
for example, cytoskeletal rearrangements, fit
neither category. Yet categorizing LPA effects as
fast or long-lasting is useful. Rapid responses
can initiate signaling cascades that then induce
long-term responses. As yet, however, in only a
few instances have early signaling events been
linked to long-term changes in bone cell physiol-
ogy. Until more such instances are documented,
we will have only limited understanding of the
potential mechanisms by which LPA may regu-
late skeletal development and homeostasis.

5.6 Rapid Effects of LPA on Bone
and Cartilage Cells

5.6.1 (a**Signaling

Intracellular Ca** signaling regulates a wide
variety of functional pathways in eukaryotic
cells [9]. In osteoblasts it modulates many activ-
ities, usually in association with intracellular
Ca**-binding proteins like calmodulin [135]. As
expected when mediated by GPCRs, target cells
like osteoblasts and chondrocytes respond to
LPA exposure by acute elevation in Ca®* [50, 53,
55, 61, 75, 79, 126]. LPA-induced Ca®* transients
in MC3T3-El cells were almost totally blocked

when the cells had been pre-treated with per-
tussis toxin. This indicates a requirement for
receptor linkage to Gj, proteins [75]. The mech-
anism by which ligand binding to GPCRs trig-
gers Ca”* signals involves the activation of PLC
and the generation of the second messenger,
inositol-1,4,5-trisphosphate (IP3), which in turn
activates ion release channels in the endoplas-
mic reticulum (ER). Consistent with this mode
of action is that U73122, an inhibitor of PLC,
prevents LPA-induced rise in [Ca]; in osteoblasts
[126]. Cartilage cells also couple LPA receptors
to IPs-induced Ca’" release from the ER. Like-
wise, the [Ca®*]; elevations elicited by LPA in
human articular chondrocytes are inhibited by
prior treatment with thapsigargin which causes
the intracellular Ca pool to become empty [28].

Treatment with the LPA receptor antagonist,
Kil6425, greatly impairs the rise in intracel-
lular [Ca®*]. Kil6425 differs structurally from
VPC-12249, and blocks LPA; and LPA; recep-
tors to functions, and, at high concentrations,
also blocks the LPA, receptor [79]. These data
indicate that the primary mechanism by which
LPA elicits Ca** signals in osteoblasts is stimu-
lation of PLC activity that is associated with Gy,
proteins coupled to LPA; receptors. The relative
contribution to Ca®* signaling of the other LPA
receptors expressed by osteoblasts has not been
determined. It is not known whether chondro-
cytes employ the same receptor coupling when
LPA triggers elevations in [Ca**];. Whether LPA
elicits Ca** signals in osteocytes or osteoclast
has not been reported. Even though the mech-
anism by which LPA triggers Ca* signals is now
known, the downstream targets are not known
nor is the functional significance of this phe-
nomenon understood.

5.6.2 MAP Kinase Activation

MAP kinase ERK is activated when osteoblasts
are treated with LPA and is blocked by either
PTH or phorbol ester [122]. This may involve
the Raf-1 oncogene. LPA-triggered ERK phos-
phorylation in rat osteoblasts is not prevented
by inhibition of phosphatidylinositol-3 kinase
(PI3K) activity [38]. LPA stimulates the
phosphorylation of the MAP kinases ERK and
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p38 in rat chondrocytes within 5-10 min of
exposure [57]. ERK is phosphorylated when
human T/C-28a2 chondrocytes are treated
with LPA [24]. Because ERK activation in rat
chondrocytes was more significantly inhibited
by pertussis toxin than was p38, the regulation
of the two MAP kinases by LPA may be coupled
to different G proteins.

Many instances exist in which the control
of ERK activation has been linked to Ca?*
signaling [1]. Grey et al. [38] have reported
that LPA-stimulated ERK phosphorylation in rat
osteoblasts is blocked if extracellular Ca®* is
chelated with EGTA, but this is not the case if
intracellular [Ca?*]; elevations are eliminated by
the cytosolic Ca®* chelator BAPTA or by deplet-
ing ER Ca*' stores with thapsigargin [38]. For
this reason the role of osteoblast Ca** signals in
LPA-enhanced ERK activation remains unclear.

The effects of LPA on target cells often involve
the transactivation of EGF receptor-coupled sig-
naling pathways [19]. Of the possible mecha-
nisms responsible for this phenomenon, most of
the evidence is in support of the LPA-induced
cleavage of the protein ligands of the EGF recep-
tor in the plasma membrane [90]. These find-
ings and the report by Ahmed et al. [2] are
consistent with a model in which transactiva-
tion of the EGF receptor is part of the signal-
ing response. Yet PD 153035, another inhibitor
of EGF receptor kinase activity, had little effect
on ERK activation by LPA or on cell migration
(discussed below, [55], unpublished data). Sim-
ilarly, the AG1478 inhibitor has little impact on
the ability of LPA to induce osteoblast differ-
entiation [34]. It is therefore not yet clear how
EGF receptor transactivation is involved in the
responses of osteoblasts to LPA.

5.6.3 (ytoskeletal Rearrangements

A recently discovered rapid effect of LPA on
primary rodent osteoblasts is the induction of
bulbous membrane outgrowths, termed blebs,
with a mean lifetime of 1.2 min [93]. Gen-
erating these structures must require rapid
cytoskeletal rearrangements, because blebbing
can be blocked by an inhibitor of Rho-associated
coiled kinase (ROCK). Subsequent experiments

revealed that the nucleotide ligands activated
phospholipases D and A2, enzymes that are
known to generate LPA from LPC and PA,
respectively. Furthermore, chronic exposure to
LPA desensitizes osteoblast receptors [74], and
nucleotide-induced membrane blebbing did not
occur in LPA-desensitized cells [93].

Other studies have linked the effects of LPA to
rapid cytoskeletal changes in osteoblasts more
directly. Cell-matrix and cell-cell attachments
involve the coupling of the cytoskeleton to focal
adhesion complexes. The activation (phospho-
rylation) of the focal adhesion kinases FAK and
Pyk2 and the integrin-associated kinase p130
Cas was stimulated in MC3T3-E1 cells by both
a 2- or 20-min treatment with LPA [15, 31].
Interestingly, the LPA-induced phosphorylation
of Pyk2 was not blocked by pertussis toxin [31].
Both FAK and Pyk2 are involved in the forma-
tion of cell adhesion foci which are linked to the
cytoskeleton. In their study of integrin recep-
tor function, Carvalho et al. [14] took advan-
tage of the property of LPA to rapidly (10 min)
induce focal adhesion formation in chick calvar-
ial osteoblasts. Even though the function of bleb-
bing is not known, it appears to be a required
step in the rearrangement of the cytoskeleton.

5.7 Long-Term Effects of LPA
on Skeletal Cells

5.7.1 Cell Proliferation, Survival,
and Differentiation

The maintenance of bone tissue, and the
changes associated with osteoporosis, arthritis,
and other skeletal pathologies, are closely tied to
mechanisms that govern bone cell number [77,
130]. LPA is considered a growth factor because
it stimulates mitogenesis and diminishes apop-
tosis [97] and may therefore play a role in
the regulation of bone cell proliferation and
survival. LPA stimulates [*H]thymidine incor-
poration in MC3T3-El cells via a Gy, protein-
coupled mechanism [15]. When primary
human osteoblasts and osteoblast-like osteosar-
coma cells were exposed to LPA for 10 min, DNA
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synthesis was stimulated. This did not occur
in pertussis toxin-treated cells. Variable effects
on mitogenesis were observed after a 24-h LPA
treatment [21]. LPA addition also protected
primary rat osteoblasts from apoptosis due to
serum deprivation [39]. Because LPA promotes
osteoblast proliferation and survival, it may
stimulate bone anabolism in vivo. If this is
the case, LPA may have a therapeutic role in
bone fracture healing. Whether LPA acts on
osteoclasts is not currently known, but because
of its anti-apoptotic effects on the closely related
peritoneal macrophages [60], it may also act on
osteoclasts.

ERK activity can be linked to multiple mito-
genic and anti-apoptotic signaling pathways [81]
and, interestingly, ERK activation or blockade
of Src activity blunts the ability of LPA to stim-
ulate osteoblast proliferation [15]. Cornish and
colleagues [39] have reported that the mitogenic
effects of LPA were not impaired by pharmaco-
logical inhibitors of ERK activation and that the
anti-apoptotic effects of LPA on rat osteoblasts
in vitro required Gj, proteins and PI3K activity,
but were independent of ERK activation [39].

Whether LPA stimulates chondrocyte prolif-
eration is not yet clear. In rat articular chondro-
cytes LPA stimulated [*H]thymidine incorpora-
tion in a dose-dependent manner, a process that
is inhibited by pertussis toxin or an inhibitor of
ERK phosphorylation [57]. On the other hand,
proliferation of T/C-28a2 cells, an immortalized
line of human growth plate chondrocytes, was
inhibited by 10 wM LPA [24]. Species differences
or cell origin may be the reason for the discrep-
ancy.

LPA may play a role in regulating 1,25(0OH),
D;-induced osteoblast differentiation [34]. Gid-
ley et al. [38] reported that alkaline phosphatase,
a marker of mature osteoblasts, was not elevated
when the LPA receptor antagonist Kil6425 was
added to a culture of human MG63 osteoblas-
tic cells which contained 1,25(0OH), Ds. Lipid
removal or albumin depletion had similar neg-
ative effects on alkaline phosphatase expres-
sion. The synergistic effect of 1,25(0OH), D3 and
serum on osteoblast maturation also was inhib-
ited by pertussis toxin or an inhibitor of ERK
activation. These findings indicate that LPA is a
critical component for osteoblast differentiation.

5.7.2 (ytoskeletal Changes, Adhesion,
and Migration

In addition to rapid changes in the cytoskele-
ton of osteoblasts, LPA, added to osteoblast
cultures for 24 h, induced robust changes in
F-actin geometry [34, 79], leading to alterations
in stress fiber formation and to the appearance
of long and thin membrane extensions. These
morphological changes did not occur when the
cells were treated with either pertussis toxin
or Kil6425 [79]. Evidently osteoblast differen-
tiation depends on the LPA-induced cytoskele-
tal rearrangements, inasmuch as the enhance-
ment of alkaline phosphatase activity by LPA is
blocked by an inhibitor of the F-actin regulator
ROCK [34].

Cytoskeletal rearrangements are essential for
cell movement to take place. Because LPA
increases cell motility, it plays a role in endothe-
lial cell migration during wound healing, angio-
genesis [67], and cancer cell metastasis. LPA
has been shown by both videomicroscopy and
transwell migration assays to be a potent chemo-
tactic stimulus for MC3T3-E1l pre-osteoblastic
cells [79]. LPA-induced locomotion of pre-
osteoblast was blocked by either pertussis toxin,
Kil6425, or by blockade of PI3K activity with
LY294002, consistent with a dominant role of the
LPA receptor [52].

In the course of bone formation, osteoblasts,
surrounded by mineralized matrix, differenti-
ate into osteocytes, a post-mitotic cell with a
highly dendritic phenotype [30]. These cells
form an intercellular mechanosensory network
in bone, the function of which is regulated by
gap junctions that are formed at the dendrite ter-
mini [59]. Because LPA treatment of MC3T3-E1
osteoblastic cells leads to the formation of long,
thin membrane extensions that resemble osteo-
cyte dendrites [79], Karagiosis and Karin inves-
tigated the possibility that LPA would enhance
osteocyte membrane outgrowth in vitro [54].
Dendrite outgrowth was found to be greatly
enhanced by LPA in a dose-dependent man-
ner, with maximal effect at 1.0 WM. Membrane
extension was accompanied by an increase in
F-actin stress fiber formation and was inhibited
by pertussis toxin or Kil6425. Only LPA; and
LPA, were detected in these cells; thus the effect
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of Kil6425 could be attributed to inhibition of
LPA; [54]. The assumption that dendrite out-
growth and cell motility may share a mechanism
is supported by the ability of MLO-Y4 cells to
exhibit LPA-induced chemotaxis, as well as den-
drite outgrowth. Although LPA stimulates den-
drite formation in osteocytes, it inhibits neurite
extension [102]. These disparate findings high-
light the cell-specific effects of LPA on its target
cells.

5.7.3 Gene Expression

LPA has tropic effects on its target cells, but few
reports describe how LPA regulates gene expres-
sion [35, 42, 66, 92, 112]. In a global gene expres-
sion analysis of LPA-treated MC3T3-El pre-
osteoblastic cells, Waters et al. [126] found that
over 500 transcripts were altered at least twofold.
Gene ontology (GO) analysis revealed that many
expression changes were linked to specific bio-
logical functions. As might be expected for a
response to a mitogen, the largest number of
LPA-regulated genes was associated with the
GO category Cell proliferation’. LPA-treated
MC3T3-El cells also displayed changes in gene
expression in the GO categories ‘Cell migration’,
‘Cell motility’, ‘Chemotaxis’, and ‘Organ devel-
opment’.This may be relevant to the effects of
LPA on osteoblast differentiation [34].

Perhaps the most novel result of the global
expression study was the observation that LPA-
treated osteoblastic cells also exhibit changes
in ‘Response to stress’, a category that includes
inflammatory modulators. Genes encoding pro-
inflammatory cytokines were stimulated, but the
anti-inflammatory gene products sST2, ST2L,
and heat-shock protein 25 were among the most
highly induced transcripts. Interestingly, LPA
stimulation of these gene products appears to be
governed by different receptor coupling mech-
anisms, inasmuch as pertussis toxin inhibited
the LPA-induced expression of sST2, but not
that of ST2L [126], even though they are spliced
transcripts from the same gene [116]. These
findings support the idea that osteoblasts play a
role in regulating inflammation responses [78].

In the T/C-28a2 human chondrocyte cell
line ornithine decarboxylase (ODC) activity

increased 4-16 h after LPA exposure [24]. The
response was sensitive to pertussis toxin and
to inhibitors of Src, PI3K, and PKC-8, but did
not involve Ca?" signals or ERK activity. The
mechanism by which LPA regulates ODC activ-
ity was not known, but ODC transcription,
translation, and/or protein degradation respond
to a variety of growth factors [95]. This find-
ing may therefore constitute the link between
arthritic inflammation and the LPA effect on
chondrocytes. Human MG63 osteoblastic cells
exhibit elevated cyclooxygenase-2 (COX-2) pro-
tein expression after 6 h of LPA treatment
[34], but whether this is the result of tran-
scription or post-transcriptional events is not
known.

5.8 Potential Regulatory Roles
of LPAin Bone

Current understanding of how LPA acts on
bone is limited almost entirely to findings from
skeletal cell culture. Yet it seems reasonable to
think this bioactive lipid regulates bone devel-
opment and regeneration. Gene expression anal-
ysis of MC3T3-E1 cells has shown that LPA mod-
ulates the number of transcripts that encode
proteins that modulate bone tissue develop-
ment [126]. Deletion of LPA; expression led
to mice with skeletal deformities, particularly
in craniofacial bone [17]. The loss of LPA;-
coupled signaling in osteoblasts may be partly
responsible for the defective bone develop-
ment in the LPA,~/7) animals. LPA; receptor-
mediated regulation may moreover be needed
for proper formation of the growth plate carti-
lage which in turn is required for endochondral
ossification.

5.8.1 Fracture Healing

A rarely addressed issue is where LPA originates
and in what environment the cells encounter
it. Degranulating platelets generate LPA dur-
ing blood clot formation [22, 100], and pre-
osteoblasts and osteoblasts are likely exposed
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to high LPA levels (1-20 wM) in the vicinity of
hematomas resulting from bone injury. RT-PCR
analysis has demonstrated the presence of ATX
transcripts in MC3T3-E1 pre-osteoblastic cells,
in primary mouse calvarial osteoblasts, and
in MLO-Y4 osteocytes (Karin, unpublished).
Platelet-derived protein growth factors facilitate
skeletal regeneration [114], but it is not known
whether LPA and other lipid factors contribute
to bone repair. Based on findings from culture
studies it seems reasonable to think that the
anabolic effects of LPA contribute to fracture
healing.

Fracture healing involves four stages: (1)
inflammation and hematoma formation; (2)
chondrogenesis (soft callus formation) and neo-
vascularization; (3) endochondral ossification;
and (4) remodeling [23]. Much LPA consti-
tuting a rich local source is generated dur-
ing blood clot formation in the fracture gap.
LPA treatment of mouse osteoblastic cells leads
to increased expression of pro- and anti-
inflammatory genes [131]. In human osteoblast
cultures LPA addition induced an increase in the
pro-inflammatory enzyme COX [34]. LPA there-
fore plays a role in the regulation of osteoblast-
mediated events that occur in the initial phase
of fracture repair. Neovascularization is essential
for proper bone formation and repair. Angio-
genic factors such as VEGF foster skeletal regen-
eration [65, 110] and are modulated by the
chemotactic effects of LPA on vascular endothe-
lial cells [67]. It is also likely that platelet-
derived LPA fosters new blood vessel forma-
tion in the course of fracture healing. New
vasculature not only adds to the nutrient supply
and waste removal at the fracture site, but also
provides a conduit for chondrocyte migration
and osteoblast progenitors. Because endothelial
cells give rise to polymorphic cells that subse-
quently differentiate into osteoblasts [20], LPA-
induced chemotaxis of endothelial cells may
enhance bone formation and repair. The pro-
liferation and migration of osteoblast progeni-
tor cells to the fracture gap is essential for bone
regeneration [23], and is modulated by LPA [15,
21, 38, 79]. LPA stimulation of osteocyte den-
drite outgrowth may help in re-establishing the
mechanosensory network in the newly synthe-
sized bone [54].

5.8.2 Regulation of
Mechanotransduction

Bone mass maintenance depends on physical
forces and mechanical strain which induce inter-
stitial fluid shear. This in turn regulates bone
cell function via ion channels (especially Ca®*
permeability), cytoskeletal rearrangements, and
altered gene expression [49, 99]. As described
above, many interactions of LPA with osteoblas-
tic cells mirror the effect of physical stimula-
tion. LPA augments fluid shear-induced Ca**
signaling in smooth muscle and endothelial cells
[88], but the postulate that the effects of LPA
on bone cells are synergistic with mechani-
cal stimulation has not been tested. The LPA-
induced osteoblast gene products sST2 and ST2L
increased in mechanically strained cardiac tis-
sue [128], but decreased in MC3T3-El cells
exposed to fluid shear [126].

Physical stimulation also has a role in frac-
ture repair in that new bone quality is improved
if mechanical loading is applied to the dam-
aged region during the early stages of healing [6,
37]. That is the time when cells in the fracture
region encounter platelet-derived LPA. If osteo-
cytes indeed constitute the major mechanosen-
sors in bone [59], then osteocytes and chondro-
cytes in the fracture space would be exposed
to LPA that diffuses into the interstitial fluid.
LPA may therefore play a significant role in
enhancing the response of osteoblasts and other
mechanosensitive cells to physical stimuli in the
course of early bone healing.

5.8.3 The Pathology of Arthritis

Inflammation is the net result of the inter-
play of pro- and anti-inflammatory cytokines,
with pathology of arthritic cartilage due to sys-
tem imbalance. Arthritis is associated with high
serum levels of PLA2, an enzyme that can gener-
ate LPA from PA (Fig. 5.1) [84, 86, 96]. Although
chondrocytes in culture are sensitive to LPA
[24, 53, 57, 61], the in vivo effects of LPA on
cartilage are not known. Chondrocytes mul-
tiply in response to LPA [57], and chondro-
cyte proliferation could conceivably counteract
arthritis-linked apoptosis [64]. LPA treatment of



82

Bone and Cancer

osteoblastic cells has led to increased expres-
sion of the anti-inflammatory gene products
sST2 and ST2L [57], both of which have there-
fore been proposed as therapeutics for arthri-
tis [70, 131]. On the other hand, LPA stimulates
ODC activity [24], thereby causing an increase in
pro-apoptotic polyamines, molecules that foster
arthritis progression [28, 134].

5.8.4 Regulation of Bone Mass
by Leptin

In 2000 Ducy et al. [23] reported that leptin, a
peptide hormone associated with the control of
body weight, also modulated bone mass home-
ostasis by inhibiting bone formation via a mech-
anism that involves the central nervous system.
Eiras et al. [27] found that leptin inhibited LPA
from inducing [Ca*']; elevations in a human
embryonic kidney cell line and that this required
PI3K and protein kinase C activity. Exposure
of adipocytes to S1P, a bioactive lipid that is
structurally and functionally related to LPA, led
to inhibition in the insulin-stimulated secretion
of leptin [52]. These findings point to a fur-
ther pathway by which LPA may regulate bone
formation.

5.9 LPA and Cancers That
Metastasize to Bone

High LPA levels in ascites fluid and plasma from
patients with ovarian and cervical cancers [13]
may make it a marker for gynecological can-
cers. Quantitative RT-PCR analyses have shown
that LPA, expression is high in colon cancers
[106], inasmuch as LPA stimulates colon can-
cer cell proliferation and migration by activat-
ing LPA; and LPA; in a f-catenin-dependent sig-
naling pathway [132]. Shida et al. [105] have
suggested that the mitogenic activity of LPA is
mediated through LPA, and LPAj, whereas cell
migration is driven by LPA;. LPA; also regulates
cell proliferation in breast and prostate cancer
[11, 41]. Currently there is no information on the
role of LPA and its cognate receptors on bone
cancers.

5.9.1 LPA and Thyroid Cancer

Thyroid cancer cells express LPA receptors. LPA
induces thyroid cancer cells to migrate and
invade other tissues [56, 103]. Schulte et al. [109]
have reported that lpa, gene expression, com-
pared to that in normal thyroid and goiter, is
elevated in both papillary and follicular can-
cer. Even though the overall expression of LPA;
is unchanged in malignancy, increased expres-
sion of LPA; has been found to correlate with
lymphonodular metastasis. These results sug-
gest that evaluation of gene expression for LPA
receptors might not yet have prognostic value.

5.9.2 LPA and Prostate Cancer

Prostate cancer cells express LPA receptors [18].
LPA; has been cloned from such cells because
this receptor is highly expressed in this type of
cancer [48]. LPA serves as a powerful mitogenic
factor in prostate cancer cells [63], to the point
that these cells were used to identify signaling
pathways that were stimulated by LPA. Accord-
ingly the mitogenic action of LPA involved trans-
activation of EGF and PDGF receptors [40, 125].
Prostate cancer cells produce LPA, which also
acts as an autocrine mediator [129]. This may
indicate the existence of an amplification loop
for LPA action on prostate cancer cells. Remark-
ably, among genes of PC3 cells that are down-
regulated by genistein, an inhibitor of prostate
cancer, lpal gene has the fastest and highest
response [71]. Because the LPA receptor controls
both migration and proliferation of prostate
cancer cells [41, 43], LPA;may play a central role
in the growth and progression of prostate can-
cers.

5.9.3 LPA and Breast Cancer

Recent reports have shown that primary breast
cancers express LPA receptors, with LPA,
expression higher than for LPA; and LPA; [58].
LPA induces the migration and proliferation of
breast cancer cells and protects them against
apoptosis [36]. We have shown that LPA also
mediates the progression of bone metastases in
breast cancer.
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5.10 LPA and Bone Metastasis

LPA produced by activated blood platelets [5,
22] modulates local progression of bone metas-
tases by stimulating tumor cell proliferation and
the production of IL-6 and IL-8, two cytokines
involved in osteoclast-mediated bone resorp-
tion [11]. Therefore, LPA-dependent cell sig-
nalling pathways may constitute new therapeu-
tic targets for bone metastases. Apparently, only
LPA; modulates progression of osteolytic lesions
caused by hamster ovary CHOBswt cancer cells,
inasmuch as these cells express only LPA,; [11,
94]. Moreover, overexpression of LPA; in trans-
fected human MDA-BO2 breast cancer cells
led to a dramatic increase in the capacity of
these cells to induce bone metastases in a nude
mouse model [11]. Altogether these observa-
tions suggest that LPA; may play a major role in
cancer-induced bone metastasis. To address this
question we used genetic and pharmacological
approaches in vitro and in vivo [12]. We found
that LPA;, in addition to its role in breast can-
cer cell proliferation, plays a significant role in
bone destruction, as it stimulated production of
IL-6, IL-8, GM-CSF, Groa, and MCP-1 cytokines
involved in osteoclast functions. In ovarian can-
cer cells, LPA regulates IL-6 and IL-8 expression
via a NF-kB pathway downstream of the activa-
tion of both LPA;_; receptors [25]. NF-kB is a
key mediator of LPA activity, because it regulates
the LPA-induced survival of prostate PC-3 can-
cer cells that express LPA;_; [98]. Activated NF-
kB is associated with aberrant breast cancer cell
proliferation and resistance to apoptosis [10]. It
is therefore conceivable that the LPA-dependent
production of cytokines and the proliferation of
breast cancer cells are mediated through a LPA; -
NF-kB signaling pathway.

Using a small RNA interference strategy,
we observed that silencing LPA; expression in
breast and ovarian cancer cells markedly altered
the progression of bone metastases, because
tumor burden was reduced. This may make
LPA; a target in the treatment of bone metas-
tases. In order to antagonize LPA, drugs act-
ing on LPA receptors have been developed. They
include DGPP 8:0 [27], VPC-12249 [45], NAEPA
[101], and Kil16425 [89], which, although struc-

turally different, inhibit LPA;-dependent and, to
a lesser extent, LPAj-dependent cell signaling
pathways. No specific LPA; antagonist has been
described so far. In our study, we demonstrated
that Ki16425 mimicked the inhibitory effects of
LPA;, markedly impairing tumor cell prolifer-
ation and osteoclast recruitment. Pharmacoki-
netic analyses revealed that LPA; rather than
LPA; was the main target.

To treat bone metastases, current treatment
involves the use of bone resorption inhibitors
to interrupt the cycle between bone resorption
and tumor growth [85]. Because this treatment
becomes ineffective with time, it is necessary
to develop additional therapeutic strategies [46].
LPA, is expressed by tumor cells and may there-
fore play an essential role in bone metastasis
progression. Targeting LPA; would thus become
an effective treatment for bone metastases.
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Role of Bone Microenvironment/Metastatic

Niche in Cancer Progression
Anna Podolanczuk, Bethan Psaila, and David Lyden

6.1 Introduction

Much progress has been made in the detection
and treatment of primary malignant tumors in
recent years. However, the stages of advanced
malignancy are less understood and fewer ther-
apies have been developed specifically to target
metastatic spread. Cancer metastasis remains
the single most important cause of cancer-
related deaths [83]. Tumor progression involves
a cascade of distinct events, from local inva-
sion, migration, dissemination in the circu-
latory system, and eventual establishment at
organ-specific sites distant from the primary
tumor. Much work has focused on the genetic
mutations that confer a cell-intrinsic invasive
and migratory phenotype, enabling dissemina-
tion and survival of tumor cells in the circula-
tory system. More recently, the importance of
pre-conditioning of the external microenviron-
ment of metastasizing cells by tumor-secreted
systemic factors has been highlighted. Paget’s
theory first recognized the importance of a “con-
genial soil” in providing a receptive microen-

89

vironment for the disseminating cancer “seed”
[61]. Over 100 years later, we have begun to iden-
tify the biological elements that contribute to the
formation of a supportive site for the metastatic
process. The blood-bone marrow axis is emerg-
ing as a key mediator in the transformation
from a primary tumor to widespread metastatic
disease. Tumor-secreted cytokines, chemokines,
and disseminated tumor cells themselves home
to the bone marrow, effecting changes in the
bone marrow stroma and stem cell niches. Con-
versely, bone marrow-derived factors and cells
of the hematopoietic system migrate to the
periphery to prime distant sites for the arrival of
tumor cells and to establish a favorable microen-
vironment for tumor progression, the metastatic
niche. This chapter focuses on recent advances
in the understanding of the role that bone
marrow-derived cells and bone marrow stroma
play in cancer progression and metastasis. Par-
allels will be drawn between stem cell niche
dynamics within bone marrow and patholog-
ical niches for benign and malignant cells at
metastatic sites. Potential pharmacological and
therapeutic targets in this setting also will be
discussed.

E Bronner, M.C. Farach-Carson (eds.), Bone and Cancer, Topics in Bone Biology 5,
DOI 10.1007/978-1-84882-019-7_6, © Springer-Verlag London Limited 2009



90

Bone and Cancer

6.2 Tumor-Derived Growth
Factors, Cytokines, and
Chemokines Mediate Early
Changes in the Bone and Tumor
Microenvironment

The dialog between the primary tumor, its
microenvironment, and the bone is mediated
by tumor-secreted growth factors, cytokines
and chemokines. A variety of these factors are
secreted by the primary tumor and surrounding
stroma throughout the metastatic progression,
modifying the primary tumor microenviron-
ment, priming distant sites in the bone and
mobilizing bone marrow-derived cells. The fol-
lowing section will highlight the cytokines and
growth factors that are integral to the malignant
process.

6.2.1 Angiogenic Growth Factors —
The VEGF Family Proteins

Tumor-derived factors may act in an autocrine,
paracrine, or systemic fashion to orchestrate
activation of locally embedded cells and the
recruitment of mature cells and progenitor
cells of the immune and hematological system,
thus creating a microenvironment conducive
to malignant progression. Vascular endothe-
lial growth factor (VEGF) is perhaps the best-
characterized cancer-associated growth factor.
It is expressed by nearly every tumor type
examined [18] and has many diverse roles in
the malignant process. It is therefore a highly
attractive pharmacological target. The VEGF
receptors VEGFR1 (Flt-1), VEGFR2 (Flk-1),
and VEGFR3 (Flt-4) mediate complementary
and synergistic effects in the promotion of
malignant progression, orchestrating new ves-
sel formation and vascular maintenance [18].
Within the bone marrow, VEGF has important
autocrine and paracrine effects on hematopoi-
etic cell growth and bone formation, promoting
osteoblastic differentiation and direct expansion
of the hematopoietic progenitor cell (HPC) pop-
ulation [24, 30, 65, 77]. Autonomous secretion
of VEGF by tumor cell lines may have autocrine

effects to promote cell survival, proliferation,
and motility [84]. In addition, VEGF has impor-
tant paracrine and systemic effects, and is one of
the most potent angiogenic factors known.

Tumor hypoxia induces expression of the
VEGF family proteins via hypoxia-inducible fac-
tor (HIF). This, in turn, induces the mobiliza-
tion and recruitment of VEGF-receptor express-
ing cells. Formation of tumor neovasculature
requires incorporation of locally embedded
endothelial precursors as well as “hemangio-
genic” cells recruited from the bone marrow
[46]. Bone marrow-derived endothelial pro-
genitor cells (EPCs) express VEGF receptor
(VEGFR-2) and share a common lineage with
HPCs, expressing VEGFR1. These cell types
are recruited from the bone marrow to malig-
nant tissues, and both are required for stable
and organized vasculogenesis. VEGFR2* cells
directly participate in the formation of new
endothelial cells and VEGFR1* cells can be seen
perivascularly; this suggests that these cells con-
fer vessel stability and promote tumor pro-
gression. Mice with a deficient inhibitor of the
differentiation (Id) gene have defective angio-
genesis due to impaired mobilization of both
EPCs and HPCs from the bone marrow. They are
also tumor resistant. Transplantation of wild-
type bone marrow in these mice restores wild-
type tumor angiogenesis and normal tumor
growth [46].

Placental growth factor (PIGF) is a distinct
member of the VEGF family. Unlike VEGF-A,
which may bind to any of the VEGF recep-
tors, PIGF signals only via VEGFR1 [67]. PIGF
is important during embryogenesis and preg-
nancy. Unlike VEGF it is expressed in adult-
hood only in pathological conditions. Tumors
that co-express both PIGF and VEGF tend to
have a more malignant and invasive pheno-
type [41, 47, 82]. This highlights the impor-
tance of VEGFR1 over the other VEGF recep-
tors in cancer metastasis. Many leukemia
cells, including acute myeloid leukemia (AML),
chronic myeloid leukemia (CML), and acute
lymphoblastic leukemia (ALL), produce high
levels of VEGF and express VEGF receptors
[42, 65]. In liquid tumors VEGF orchestrates
tumor progression and VEGFR1 determines
localization of leukemic cells within the mar-
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row and regulates their survival and exit into the
circulation [20].

6.2.2 Other Growth Factors

In addition to the angiogenic growth factors
VEGF and PIGE, fibroblast growth factor 2
(FGF-2) is also abundantly expressed by many
tumor types. By activating locally embedded
fibroblast-like cells at the metastatic site and in
the bone marrow, FGF-2 may play an important
role in metastasis. Activation of these cells leads
to up-regulation of fibronectin expression and
of other extracellular matrix proteins within the
microenvironment of the primary tumor, in the
marrow, and at distant metastatic sites. In the
bone marrow, fibroblasts and fibronectin con-
tribute to the architecture of the niche of the
hematopoietic stem cells (HSCs) and to regula-
tion of cell cycling [5]. Fibronectin also provides
a “scaffold” or adherence platform for incoming
tumor cells that are disseminated by the primary
tumor.

Platelet-derived growth factor (PDGF) also
plays a pivotal role in cancer metastasis [78].
PDGF is responsible for enhanced expression of
extracellular matrix adhesion proteins such as
hyaluronic acid, proteoglycan, fibronectin, and
collagen. In addition, it induces the recruitment
of pericytes to stabilize newly forming tumor
blood vessels [1, 22]. Furthermore, PDGF is also
implicated in the selective metastasis of prostate
and breast cancers to bone, with PDGF medi-
ating interaction with the bone marrow stroma
that confers a survival advantage in this new
microenvironment [87]. Transactivation of the
PDGF receptor alpha by bone marrow stromal
cells activates the Akt pathway [14].

6.2.3 Pharmacological Inhibition of the
Soluble Factors that Promote Metastasis

Inhibiting cancer-associated growth factors
may slow metastatic progression. Therapeutic
approaches that block VEGF have significantly
slowed progression and improved survival in
certain advanced cancers [19]. Bevacizumab, an
anti-VEGF monoclonal antibody, was approved
by the US Food and Drug Administration

(FDA) in 2004 for the treatment of metastatic
colorectal cancer. It is under trial in other malig-
nancies, including lung and kidney. Several
other inhibitors of the VEGF signaling pathway
are currently undergoing clinical trials. They
include antibody-based and small-molecule
inhibitors such as SU11248 (sunitinib) and Bay
43-9006 (sorafenib), receptor tyrosine kinase
(RTK) inhibitors that disrupt VEGFR signal
transduction [19, 69]. STI571 (Gleevec, Imatinib
Mesylate), a protein kinase inhibitor licensed for
the treatment of CML and kit* gastrointestinal
stromal tumors, also inhibits the PDGF receptor
and c-Kit (SCF). It also reduces metastasis of
pancreatic carcinoma in animal models [29].
Efforts to block growth factors and
chemokines in malignancy are complicated
by the complexity of these pathways and the
natural redundancy of the relevant growth
factors and receptors. Notwithstanding the fun-
damental role of VEGF in tumor angiogenesis,
new blood vessels may develop even if VEGF is
blocked, possibly because resistance to therapy
has developed. A reduction in VEGF may be
paralleled by an increase in other growth factors
involved in metastatic spread, such as PIGF [10].
Also, vessel density may be somewhat indepen-
dent of vessel function. The Delta-like ligand
4 (Dll4) is important in the genetic regulation
of angiogenesis via the Notch pathway. When
this ligand is blocked, angiogenic sprouting
increases, as does branching and vessel density,
but vessel function decreases paradoxically [58].
This illustrates the importance of thoroughly
understanding the molecular mechanisms.
Because VEGFRI1-expressing cells stabilize new
tumor vasculature, targeting VEGFR1 and Dll4
may constitute a novel and effective therapy.

6.3 Within the Bone
Niche—Niche Interactions
Promote Tumor Progression

Throughout ontogeny and in adult life HSCs cir-
culate and migrate in a highly specific fashion to
the niches in the bone marrow and to regenera-
tive sites in the periphery. A dense mesenchymal
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cell-derived stromal cell network and extracel-
lular protein scaffold set up a highly organized
microenvironment that supports HSC prolifera-
tion and differentiation in the bone marrow [44].
At the marrow periphery, HSCs are closely asso-
ciated with osteoblasts in the endosteal niche
where they maintain a primitive and quiescent
state [57, 73]. A sinusoidal vascular network
traverses the marrow and harbors the vascular
niche, supporting HSC proliferation, differenti-
ation into HPCs, and transendothelial migration
of the more differentiated daughter cells [31].
The physiological and molecular scaffold that
supports HSC proliferation and maintenance in
an undifferentiated state can be greatly ampli-
fied in times of physiological stress, as situations
of trauma wounds or in advanced malignancy.
Disseminated cancer cells use some of the same
signaling machinery to survive in the circula-
tion, to “home” to specific secondary sites, and
to proliferate in modified bone and metastatic
niches.

Tumor cells have been found in the bone
marrow of patients with malignancy, even if
distant metastases are not overt. Although the
clinical significance of these cells is not fully
understood, the bone marrow seems to provide
a microenvironment that protects tumor cells
from chemotherapeutic agents. These tumor
cells tend to remain in a dormant and quiescent
state until reactivated. The interaction between
malignant cells and the bone microenvironment
also may serve as a “training ground”, pro-
viding molecular education and altering gene
expression of cells to effect a more aggressive
phenotype.

6.3.1 Stem Cell and Tumor Cell
Migratory Pathways

Migration and homing mechanisms of stem cells
are paralleled in metastatic disease, with some
chemokines implicated in the pairing of tumor
cells to specific metastatic targets. Arguably the
most important chemokine that governs migra-
tion patterns of hematopoietic cells throughout
embryogenesis and adult life is stromal-derived
factor-1 alpha (SDF-1aq, also known as CXCL12).
SDF-1a is a key player in cancer biology and

metastasis, and interactions among SDF-1a and
its receptors, CXCR4 and CXCR?7, are important
for tumor progression [9]. High concentrations
of SDF-1a are needed for hematopoietic cells to
be able to home to their endosteal niche in the
bone marrow. SDF-1a also mediates the homing
to bone of CXCR4-expressing tumor cells.

In addition to secreting large amounts of
SDF-1a, osteoblasts also express anchorage
molecules that include angiopoietin (Ang-1) and
osteopontin (Opn). Adhesion to these factors
not only retains stem cells within the niche, but
also governs their replication kinetics and qui-
escence. Recently, data have linked Opn with
metastasis of breast, colon, prostate, and liver
tumors [34, 81].

In theory, inhibitors of the CXCR4-SDF-1
axis could be utilized against metastasis. Given
however, SDF-1a’s key role in stem cell signal-
ing, any clinically useful therapy must selec-
tively target pathological SDF-1a/CXCR4 signal-
ing in malignant cells, yet preserve homeostatic
stem cell functioning. Strategies using anti-
sense oligodeoxynucleotides or selective RNA-
mediated interference (siRNA) have potential
for selectively targeting CXCR4 expression in
malignant cells [40].

6.4 Bone Marrow-Derived Cells
Are Recruited to Primary Tumor,
Promoting Invasion, Migration,
and Dissemination

Tumor-secreted factors mediate key changes in
the tumor and bone microenvironments. This
includes matrix remodeling, alterations in vas-
cular permeability and neovascularization, and
promoting the progression from an in situ car-
cinoma to an invasive and disseminating lesion.
These changes occur as tumor cells acquire
migratory properties, including loose adherence
to stroma and evasion of anoikis [49]. Break-
down of the extracellular matrix and tumor
cell invasion require matrix metalloproteinase
(MMP) expression. Cleavage of other cytoactive
factors is also important for metastatic progres-
sion [21, 60]. Altered cellular expression of adhe-
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sion factors permits cells to detach from the
primary tumor and traverse the parenchyma to
extravasate into the circulation [23].

The development of a well-vascularized
stroma is essential for growth of the primary
tumor, for invasion of tumor cells into the cir-
culation, and for progression of micrometas-
tases to metastatic disease. True “angiogene-
sis” means that vessels are formed by sprout-
ing from existing mature vasculature. Within
tumors, vessels develop by “vasculogenic” pro-
cesses. At the primary tumor site, contrary to
previous understanding, vasculogenesis occurs
early and is not entirely a function of tumor
size. VEGFR1* HPCs and VEGFR2* EPCs are
recruited to the tumor site earlier in the malig-
nant process than can be explained by tumor
expansion alone. Tumor types differ in their
continued dependence on the VEGFR1* HPCs
and VEGFR2* EPCs for vasculogenesis.

The term “epithelial-mesenchymal tran-
sition” (EMT), describes the change that
tightly adherent epithelial cells undergo dur-
ing embryogenesis to become highly mobile
mesenchymal or neural crest cells [86]. The
term also applies to the loss of adherence to
the primary tumor and to local invasion and
migration. These changes are the result of
upregulation of several EMT-inducing genes
within the primary tumor, including Snail, Slug,
and Twist, and also of signaling via the trans-
forming growth factor-beta (TGF-f) receptor [8,
48]. TGF-p has biphasic effects during tumori-
genesis. Early in tumor expansion, TGF-f is an
inhibitor of tumor growth. During later stages,
perturbation of the TGF-p signaling pathway
and autonomous TGF-p production by tumor
cells may confer an invasive and aggressive
phenotype, promoting metastatic progression
[3]. Therefore, therapeutic approaches should
aim to promote the TGF-B-induced growth inhi-
bition and apoptosis, but inhibit the signaling
pathway that mediates cellular invasion and
metastasis. Further understanding of the TGF-f
signaling pathway may lead to the development
of small drug molecules that inhibit specific
molecular steps and inhibit the deleterious
actions of the pathway.

Tumor cells at the “invasive front”, or periph-
eral tumor edges, are exposed to the sur-

rounding tissue parenchyma and communicate
with immune cells, resident fibroblasts, and
macrophages [12]. These interactions enhance
selection of cells that can survive without adher-
ing to neighboring cells and that are more
hypoxia-resistant. These disseminated cells are
also more likely to survive in distant tissue sites
where activated fibroblasts, immune cells, and
hematopoietic cells mimic the invasive edge of
the primary tumor and reconstitute a parallel
environment. Expression of lysyl oxidase (LOX),
an extracellular matrix enzyme, is stimulated by
tumor hypoxia. Hypoxia in turn induces stromal
invasion by primary tumor cells, while simulta-
neously promoting cell-matrix adhesion at dis-
tant sites to which the tumor cells will ultimately
metastasize [16]. LOX is particularly interest-
ing because it has both intracellular and extra-
cellular functions. LOX was initially identified
as a tumor suppressor, but we now know that
its expression is both reduced and elevated in
human cancers. Therefore, anti-LOX strategy
must promote metastatic progression, yet spare
other cellular functions. Antibody inhibition of
LOX has been effective in decreasing metastasis
and prolonging survival in animal studies [17].

6.5 Accessory Bone
Marrow-Derived Cells Support
Tumor Cell Survival and
Dissemination

Mature cells of the immune and hemostatic
systems have long been known to be also
involved in carcinogenesis and metastasis.
This includes macrophages, lymphocytes, and
platelets. Inhibiting cytokines produced by
inflammatory cells have excellent efficacy in
reducing metastasis. For example, when the
macrophage migration inhibitory factor (MIF),
a pro-inflammatory cytokine overexpressed by
prostate cancer cells, was inhibited, tumor pro-
gression was slowed [51, 52]. Furthermore, as is
also true for bone marrow-derived cells, mature
immune cells can be used to deliver specific
anti-inflammatory or anti-tumor agents.
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Other hematological cells, including platelets,
also may play a role in tumor metastasis. The
first event in tumor cell invasion at distant sites
is lodgment and adhesion at the local vascula-
ture. Formation of platelet microthrombi may be
part of this process. Furthermore, platelets may
act as a “shield” to prevent immune attack by
encompassing disseminated tumor cells while in
the circulation.

More recently, platelets have emerged as
key players in directing homing and providing
retention signals for bone marrow-derived and
tumor cells. Platelet-deployed SDF-1a is critical
for recruitment and retention of CXCR4" HPCs
and EPCs in revascularization of ischemic tissue
and at sites of tumor angiogenesis [31]. Local
activation and release of SDF-la by platelets
also may govern migration patterns of CXCR4*
tumor cell lines. Furthermore, megakaryocytes
and platelets are major producers and stor-
age vehicles for both pro- and anti-angiogenic
factors. The number of megakaryocytes and
platelets, and their content of thrombospondin,
a very potent natural anti-angiogenic factor, is a
determinant of the angiogenic phenotype [39].
What determines that these cells produce and
release pro- or anti-angiogenic factors is not
known, but making use of this mechanism may
provide a novel therapeutic approach to tumor
angiogenesis and may overcome the pathologi-
cal functioning of bone marrow-derived cells in
malignancy.

6.6 Bone Marrow-Derived Cells
Are Recruited to Sites of Future
Metastasis, Forming the
“Pre-metastatic Niche”

Tumor-derived factors, including VEGEF-A,
TNFa, and TGF-B, have been shown to mediate
preparatory changes within the organs of future
metastasis in advance of tumor cell arrival -
in other words, much sooner than previously
recognized [35]. The changes involved include
matrix remodeling, stromal differentiation,
and recruitment of bone marrow-derived cells.
The altered tissue parenchyma at distant sites
from the primary tumor facilitates metastatic

progression. It is termed the pre-metastatic
niche.

6.6.1 Early Stromal Changes at Sites of
Future Metastasis

Cells from the bone marrow that form clusters
within tissues at pre-metastatic sites recapitu-
late features of physiological stem cell niches.
Fibroblasts and fibroblast-like cells, resident at
the pre-metastatic sites when activated, upregu-
late fibronectin synthesis. In turn bone marrow-
derived cells preferentially adhere to niche
structures via cell surface receptors with the aid
of fibronectin [35, 63]. Similarly, the “pockets”
of fibronectin expression at the pre-metastatic
sites may determine where the migrating bone
marrow-derived cells localize, giving rise to a
metastatic pattern within an organ.

6.6.2 Tumor-Secreted Factors
Preparing Distant Sites for Future
Metastasis

The inflammatory chemoattractants SI00A8 and
S100A9 are induced in the lung prior to the
arrival of disseminating tumor cells [27, 64]. Neu-
tralization of these soluble factors diminishes
expression of S100A8 and S100A9, and reduces
migration of Lewis lung carcinoma (LLC) cells
into pre-metastatic sites. These findings con-
firm and extend original observations by Kaplan
et al. [35], which documented clusters of bone
marrow-derived VEGFR1-expressing HPCs in
sites of future metastasis and defined the pre-
metastatic niche. In addition to a role in neovas-
culogenesis within the primary tumor, VEGFR1*
HPCs are essential for preparing metastatic sites.
When mice receive immunofluorescent-labeled
bone marrow by transplantation, bone marrow-
derived HPCs form clusters in distant organs
and thus outline sites of metastatic invasion
prior to the arrival of tumor cells. The loca-
tion of the pre-metastatic clusters reflects the
unique patterns of metastatic spread that char-
acterize individual tumor types. For instance,
in mice inoculated with B16 melanoma, which
tends to metastasize widely to all organs, pre-
metastatic clusters occur in the lungs, liver, testes,
spleen, and kidney. In contrast, mice injected
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with LLC develop clusters in the lung only. More-
over, administration of media conditioned by
melanoma cells reprograms the metastatic pro-
file of lung carcinoma to the profile of melanoma.

The expression of a unique cytokine pro-
file may in part explain the distinct metastatic
patterning observed with specific tumor types.
While both LLC and B16 melanoma cell lines
secrete high levels of VEGE, a high level of PIGF
was found only in the melanoma-conditioned
media. This highlights the integral role of
VEGFRI signaling in metastasis.

6.6.3 Stem Cell Niche Dynamics
at Pre-metastatic Sites

Cell-cell and cell-matrix interactions at the pre-
metastatic sites induce MMP expression, degrad-
ing the basement membrane, and permit tumor
cell invasion into the tissue parenchyma. The
VEGFR1" HPC clusters adhere via the surface
receptors VLA-4*, communicating with local tis-
sue and establishing a true pre-metastatic niche.
In the niche Id3 is expressed, MMP-9 is upreg-
ulated, integrin is activated, and SDF-1 is pro-
duced. All this attracts circulating tumor cells.
Id genes are critical for organogenesis during
ontogeny, but in the adult are predominantly
expressed in pathological processes, including
malignancy. Id gene expression is involved in the
mobilization of cells from the bone marrow to
angiogenic sites, in stromal cell interactions, and
integrin expression [66]. The Id gene may there-
fore constitute a selective therapeutic target. The
genetic changes associated with the metastatic
microenvironment are only now beginning to
be identified. Integrin expression such as VLA-
4 expressed on the HPC and some tumor cells
can bind to VCAM on inflamed endothelium, and
to fibronectin within tissue parenchyma. Id pro-
teins, DNA helix-loop-helix transcriptional reg-
ulators interact and modulate cellular prolifer-
ation and differentiation. These genes become
activated in the bone marrow-derived cells in
response to tumor-conditioned media. They are
also active in tumor cells [33].

6.6.4 Pre-metastatic Lymph Nodes

When a tumor spreads to sentinel lymph nodes,
this is a sign of poor prognosis and of the

metastatic propensity inherent in most solid
cancers. Even tumors that tend to metastasize
primarily via blood vessels show dissemination
to local lymph nodes. As histopathological tech-
niques advance, the true definition of a “posi-
tive” lymph node becomes more complicated, as
current immunohistochemical techniques can
detect even a single migrating tumor cell [55].
With the aid of a transgenic spontaneous lym-
phoma model, it has been shown that VEGFR1*
HPC clusters occur prior to the onset of lym-
phogenesis [35]. In humans VEGFR1™" clusters
are only found in breast carcinoma, but not in
benign disease. In the future, identification of
bone marrow-derived cells or fibronectin upreg-
ulation may become part of risk stratification
and, when observed, may indicate a need for
therapeutic intervention so as to inhibit or at
least delay the onset of cellular metastasis.

Similarly, increased expression of specific
growth factors by malignant cells may be an
important indicator of lymphatic metastasis.
Lymphangiogenesis within the primary tumor
is a marker of a more advanced tumor stage.
Expression of VEGF-C and VEGF-D by tumor
cells has been implicated as indicating lymphan-
giogenesis and directly contributing to cancer
metastasis [26, 68, 70]. High levels of VEGF-D
and its receptors VEGFR2 and VEGFR3 are asso-
ciated with advanced-stage metastatic prostate
cancer [36].

6.6.5 Therapeutic Inhibition of the
Pre-metastatic Niche

VEGFR1" cells appear to contribute functionally
to the development of metastasis, because anti-
body blocking of VEGFRI in an experimental
murine model inhibited metastasis [35]. These
cells and their molecular signaling pathways
may therefore prove to be suitable targets for
anti-metastatic therapies. Further characteriza-
tion of these VEGFR1* HPCs will suggest poten-
tial pharmacological targets.

The recognition that microenvironmental
changes occur in distant tissues before they
are invaded by metastasizing cells has opened
new avenues for the design of therapy that
inhibits the early stages in the metastatic
process. Some insight into how these niches
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function in malignant disease may come from
analyzing the physiological pathways of bone
marrow-derived stem/progenitor cells. In par-
ticular, the requirement of stem cells for spe-
cific microenvironments, or “niches,” may lead
to the design of anti-metastatic agents and
the prevention of a malignant microenviron-
ment. The concept of “niches” was first coined
to describe the highly defined and specialized
structural scaffolds of the bone marrow in which
hematopoietic cells reside [2]. Here, interactions
between stem cell and niche components gov-
ern the kinetics of stem cell quiescence, self-
renewal, proliferation, and differentiation. The
result is a dynamic and responsive reservoir
that supports hematopoiesis throughout adult
life [25].

Another strategy for targeting metastatic dis-
ease would be to manipulate migrating bone
marrow-derived cells themselves, rather than
their signaling pathways. The bone marrow-
derived cells that home to the tumor neovas-
culature and pre-metastatic sites could be used
as “magic bullets”, delivery vehicles for anti-
cancer strategies [4]. The feasibility of integrat-
ing a suicide gene into bone marrow-derived
progenitors to reduce tumor size and vascular-
ity has already been confirmed in several animal
studies [38, 45]. Not only HPCs and EPCs but
also mesenchymal stem cells (MSCs) migrate to
tumor sites, and MSCs may prove particularly
useful as carriers of oncolytic adenoviruses,
because they are only semi-permissive for viral
replication. This limits viral lytic activity so
that infected cells survive to reach the tar-
get site. A particularly vivid in vivo por-
trayal using bioluminescent imaging has shown
that luciferase-labeled, mesenchymal progen-
itor cells which are infected with oncolytic
adenovirus home directly to ovarian-tumor
cells [32].

6.7 Metastatic Cancer Stem Cells
Home Back to Bone

Non-malignant bone marrow-derived stem/
progenitor cells contribute to malignant pro-
gression, and cancer cells may themselves pos-

sess stem cell-like properties. The concept of
cancer stem cells (CSCs) is particularly impor-
tant for the design of therapeutic agents. If CSCs,
like physiological stem cells, remain quiescent
and divide infrequently, they may evade tradi-
tional anti-mitotic chemotherapy or radiother-
apy targeted to cells that have a high turnover
rate. For example, CSCs in glioma are resis-
tant to radiotherapy because they have an
increased capacity for DNA repair [6]. The ori-
gin of CSCs is highly controversial. Accord-
ing to one hypothesis, physiological stem cells
mutate to acquire a malignant phenotype. Other
hypotheses suggest that a malignant cell that
inhabits a physiological stem cell niche may
acquire stem cell-like properties. Indeed, CSCs
may be responsible for disease relapse, and like
HSCs provide a reservoir of malignant cells by
differentiation, while at the same time repli-
cating and thus maintaining the cancer stem
cell pool.

Whatever their origin, CSCs are critical for
metastasis. One therapeutic approach would be
to impede or to induce cellular differentiation.
This has been achieved with all-trans-retinoic
acid in the treatment of hematological malig-
nancy because all-trans-retinoic acid induces
differentiation of leukemic stem cells in acute
pre-myelocytic leukemia [37]. An alternative
approach is to target the homing mechanisms by
which CSCs migrate to metastatic sites. Another
approach is to try inhibiting the factors that gov-
ern the balance between CSC quiescence and
active proliferation. As CSCs in solid tumors
are characterized further, other potential ther-
apeutic targets may become apparent that may
inhibit CSCs in metastatic sites.

The “hijacking” of physiological stem cell
mechanisms by CSCs constitutes a problem
for therapy design, because the therapy must
target the various CSC pathways, yet not in
any way affect physiological stem cell func-
tioning. Targeting the “pathological niche”, i.e.,
the dysregulated microenvironment that sup-
ports the CSC, may be one approach. It is
clear that niche occupancy confers a survival
advantage to the metastasizing cells. There-
fore both CSC and CSC-niche must be targeted
simultaneously for successful anti-metastatic
therapy.



Role of Bone Microenvironment/Metastatic Niche in Cancer Progression

97

6.8 Genetic Regulation
of Metastasis

Because the propensity for metastasis is deter-
mined early in the cascade of events that lead
to tumorigenesis [7, 28, 80], it has been of inter-
est to study their genetic basis. Gene expression
“signatures” have been correlated with overall
tumor metastatic efficiency [79] and genes, the
expression of which predicts metastasis to a
particular organ, have been identified, as have
profiles for bone- and lung-specific tropism of
subpopulations of breast cancer cells [34, 53, 54].
Specific expression profiles, of surface receptors
such as vascular cell adhesion marker (VCAM),
MMPs, and chemokines (CXCL1), as well as of Id
genes, enable a tumor cell to adapt and survive
in a new microenvironment. These signatures
are organ-specific, create a survival advantage
and enable proliferation at distant sites. Target-
ing these genes along with those that give rise to
the microenvironment may be a useful approach
to inhibiting tumor spread.

6.8.1 Tumor Suppressor Genes

The mutation of tumor suppressor genes (TSGs)
is clearly essential for tumor proliferation and its
growth. TSGs may also regulate the expression
of factors involved in tumor cell dissemination.
An important transcriptional regulator of cell
cycling is the p53 protein. Deactivating muta-
tions of p53 inhibit its ability to recognize and
repair DNA damage. They also prevent cellular
apoptosis, thus permitting dysregulated cells to
survive and proliferate [76]. The mutated p53
pathway has also been shown to be involved in
tumor cell migration and in angiogenesis [74].
For example, p53 downregulates expression of
the chemokine receptor CXCR4 that mediates
stem cell homing to the bone marrow [50].
Loss of p53, and also of the von Hippel-Lindau
TSG, promotes CXCR4 expression by breast can-
cer cells and their selective migration to dis-
tant organs where stromal-derived factor-1, its
only chemokine ligand, is highly expressed [50].
High expression levels of the chemokine recep-
tors, CXCR4 and CCR7, by human breast cancer

cells are associated with increased chemotaxis,
migration, and invasion of the target organs in
which, in turn, the respective ligands SDF-la
and 6Ckine are highly expressed [56]. Similarly,
KLF6 is a TSG that is commonly inactivated
in a wide range of human cancers, including
prostate, ovarian, and colorectal carcinomas.
Originally identified as a regulator of cellular
proliferation and apoptosis, KLF6 also mod-
ulates the expression of E-cadherin [13]. The
“switch” from E-cadherin expression, mediat-
ing tumor cell adherence, to N-cadherin in mes-
enchymal cells enables stromal invasion, a crit-
ical step that makes possible metastasis and
organ invasion [11].

6.8.2 Metastasis Suppressor Genes

Not all tumor cells metastasize. Cells must be
able to extravasate and survive in the circulation,
before reaching a site they invade and where
they replicate. Given these requirements, it is
not surprising that a class of genes exists that
regulates metastasis (as opposed to tumorigen-
esis). Loss of the “metastasis suppressor genes”
(MSGs) enhances metastasis without affecting
primary tumor growth [15, 71, 72]. Twelve MSGs
have been identified so far. Mutations of these
genes enable tumor cells to acquire the ability to
survive in a “foreign” microenvironment at dis-
tant sites. This is when apoptotic evasion, cell-
cell and cell-matrix interactions, and adherence
and stromal invasion by surface ligand-receptor
pairing and protease secretion take place. KiSS-1
(also known as metastin) is an example of
MSG. It is found in melanoma and breast can-
cer cells that have metastasized where it reg-
ulates the expression of MMP-9 [85]. Another
MSG, KAI1/CD82, associated with many malig-
nancies, including lung and prostate cancer,
is thought to inhibit tumor cell invasiveness
and motility via its interactions with surface
integrins and growth factors, without affecting
growth of the primary tumor [43].

6.8.3 GeneticTargeting

By targeting tumor cell-specific genes it may
become possible to reduce primary tumor
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growth, as well as tumor cell dissemination to
distant sites. Pre-clinical studies indicate that
application of p53-rescue drugs PRIMA-1 and
CP-31398 decreases the expression of CXCR4 in
breast cancer cell lines and reduces their invasive
capacity [50]. Whether these drugs are effective
in inhibiting tumor metastasis in vivo remains
to be demonstrated. Therapeutic enhancement
of MSGs also shows promise. Nm23, the first
MSG to be identified, regulates the ERK-MAPK
receptor signaling pathway and cell adhesion.
Although mutations of Nm23 are rare, dex-
amethasone and medroxyprogesterone acetate
therapy may enhance its expression. In experi-
mental animal models of metastatic breast car-
cinoma, administration of these drugs led to
reduced colonization of the lung by disseminat-
ing breast cancer cells [59, 62]. Where enhance-
ment of MSGs is not possible, therapy was
attempted by modulating downstream signaling
pathways [75].

Gene expression profiling provides valu-
able information regarding cell-specific genetic
metastatic propensity, but may not be the only
approach. Microarrays may provide information
on the genomic and proteomic alterations in the
cells of the malignant microenvironment, thus
shedding light on the molecular and cellular
phenotype of the stromal cells.

6.9 Therapeutic Implications

Scientific advances in the understanding of
metastasis are opening up a new period
of cancer therapeutics. Anti-metastatic ther-
apy requires targeting the metastasizing cells
and their supportive microenvironment, and,
because changes in the pre-metastatic microen-
vironment occur very early in tumorigene-
sis, anti-metastatic agents must become part
of the initial primary tumor therapy. Genetic
profiling of the primary tumor may identify
those patients who would most benefit from
early treatment with anti-metastatic agents. The
complexity of the metastatic process demands
a multi-modal approach to avoid therapeutic
resistance and mutational evasion. Ameliorat-
ing the burden of morbidity and mortality of

metastatic disease remains challenging, but new
insights into the mechanisms of metastasis are
likely to yield novel therapeutic approaches.
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7.1 Summary

Early tumor cell dissemination occurs even in
patients with small solid tumors, and bone mar-
row (BM) is a common homing organ for blood-
borne disseminated tumor cells (DTCs) derived
from primary tumors. Immunocytochemical or
molecular assays allow the detection of a sin-
gle DTC in BM at a frequency of one tumor
cell in one million surrounding hematopoietic
cells; e.g., tumor cells are frequently detected in
the BM of breast cancer patients without clinical
or even histopathologic signs of metastasis. Evi-
dence has emerged that the detection of DTCs
and circulating tumor cells (CTCs) in blood may
provide important prognostic information and,
in addition, might help to monitor efficacy of
therapy.

The characterization of DTCs has shed new
light on the complex process underlying early
tumor cell dissemination and metastatic pro-
gression in cancer patients. Characterization of
DTCs should help identify novel targets for bio-
logical therapies aimed at preventing metastatic
relapse and to monitor the efficacy of these ther-
apies. It is crucial, however, to improve and stan-
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dardize methods for the detection of DTCs. In
this chapter, we summarize the clinical back-
ground and the technical aspects of current
methods used for the detection and characteri-
zation of DTCs in BM.

7.2 Background: Clinical
Relevance of DTC Detection in BM

Notwithstanding the progress achieved in treat-
ment of solid tumors such as breast cancer, the
prognosis of patients even with small primary
tumors is still limited by metastatic relapse that
often occurs a long time after removal of the
primary tumor. The relapse thus is an indica-
tion of an early systemic spread of the tumor
cells. The development of rare cell detection
techniques has made possible the demonstration
in large patient cohorts that DTCs in BM are
detectable in 20-40% of breast cancer patients,
even though they have no overt signs of dis-
tant metastases [23]. Most available data are for
breast cancer, but similar prevalence of DTCs
in BM has been reported for other carcinoma
types [16, 21, 36, 52, 91, 96]. Until now, there has
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Table7.1.
(TNM-stage M)

Examples of reports demonstrating a prognostic relevance of DTCs in BM of breast cancer patients without overt metastases

Reference No. of Patients Detection Rate % Technique Prognostic Value
Landys et al. [69] 128 19 IHC DFS*, 0S*
Diel etal. [34] 727 43 ICC DFS*, 0S*
Mansi et al. [76] 350 25 ICC DFS, 0S
Gebauer et al. [42] 393 42 ICC DFS*, 0S
Cote etal. [28] 49 37 ICC DFS

Braun et al. [20] 552 36 ICC DDFS*, 0S*
Harbeck et al. [47] 100 38 ICC DFS*, 0S*
Gerber et al. [43] 484 31 ICC DFS*, 0S*
Wiedswang et al. [132] 817 13 ICC DDFS*, 0S*
Braun etal. [23] 4,703 31 ICC DDFS, 0S

DFS, disease-free survival; DDFS, distant disease-free survival; ICC, immunocytochemistry; IHC, immunohistochemistry; 0S, overall survival. * Prognostic value supported

by multivariate analysis.

been no report of a solid tumor that does not
have immunocytochemically detectable epithe-
lial cells in BM. For example, DTCs have been
found in the BM of patients with colon cancer,
even though that cancer rarely metastasizes to
the bone [24]. These findings indicate that BM is
an important site that allows DTCs to persist and
probably to disseminate to other organs.

To detect DTCs in BM, patients with breast
cancer have been most thoroughly studied.
These data have shown a correlation between
DTCs in BM and an impaired prognosis (Table
7.1). A recent analysis of more than 4,700 breast
cancer patients with stage I, II, or III disease
without manifest metastases demonstrated that
the presence of DTCs in BM was associated
with larger tumors, a higher histological grade,
lymph node metastases, and hormone-receptor-
negative tumors [23]. Subgroup analysis showed
that DTCs in BM are associated with worse out-
comes in all risk groups. This finding has prog-
nostic relevance even for patients with small
tumors and no lymph node involvement.

A negative BM finding therefore may help
identify those node-negative patients who have
responded to surgery alone and do not need
additional adjuvant chemotherapy [23, 75]. Sev-
eral studies have reported that DTCs were found
in BM even some years after surgery and adju-
vant therapy. Detection of DTCs after adjuvant
treatment may therefore be useful for identify-
ing patients with an increased risk for recur-
rence [18, 130]. However, before DTC detection
in BM can be utilized for prognosis, methods

with a high degree of reproducibility must be
standardized. This chapter will describe and dis-
cuss the current status of DTC detection tech-
niques in more detail.

7.3 Potential and Limitations
of DTC Enrichment and Detection
Methods

7.3.1 Enrichment Methods

The unambiguous identification and character-
ization of DTCs requires extremely sensitive
methods. The number of target cells often is
so small that they cannot be detected by most
analytical methods. This limitation was over-
come when reagents and techniques were devel-
oped that significantly enriched the target cell
population, and thus increased the sensitivity
for tumor cell detection. The usual tumor cell
enrichment procedures are (1) density gradi-
ents, (2) immunomagnetic procedures, or (3)
size filtration [97, 103, 137, 139].

The standard Ficoll gradient separation tech-
nique or red blood lysis is often combined
with positive or negative immunomagnetic cell
selection. Antibody-tethered micro- or nano-
sized paramagnetic beads are used to target
tumor cells (as a positive selection) or unwanted
hematopoietic cells (as a negative selection).
The positive selection for breast cancer and
other solid tumors usually applies antibodies
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with magnetic microbeads against epithelial
cell adhesion molecule (EpCAM), sometimes
combined with anti-Her-2 antibodies. In con-
trast, the negative selection uses antibodies
against CD45, a surface protein present on most
hematopoietic cells. The positive selection pro-
cedure has limited sensitivity, because EpCAM-
or HER2-negative DTCs are lost during the
cell enrichment, in which case they cannot be
detected thus producing false-negative findings.
Expression of the selected tumor markers by
normal cells (i.e.,, some BM cells may express
EpCAM [26]) leads to the improper selection
of unwanted cells. Moreover, inflammation or
therapy can alter expression of epithelial or
tumor-associated genes in normal hematopoi-
etic cells [57, 58]. On the other hand, the deple-
tion of CD45+ cells avoids stimulating targeted
cells and makes it unnecessary to bind mag-
netic microbeads onto tumor cells. This occur-
rence can create a problem for subsequent anal-
ysis (e.g., cell culture, flow cytometry) and may
require additional steps to dissociate the mag-
netic beads from the cells.

Another gradient-based enrichment of DTCs
is the Oncoquick® system (Greiner Bio-One
GmbH, Frickenhausen, Germany). This system
employs a liquid separation medium optimized
for the specific enrichment of DTC and is based
only on their buoyant density under appropri-
ate conditions. The enrichment principle does
not rely on the expression of specific mem-
brane antigens such as EpCAM or HER-2 and
yields bead- and antibody-free tumor cells [84].
So far, this technique has been validated only
with breast cancer cells and it is not yet known
whether other epithelial tumor cells can be
enriched by utilizing this method. In our hands,
DTCs from prostate cancer patients are lost dur-
ing Oncoquick-based enrichment (Pantel et al.,
unpublished).

The RosetteSep® technology (Stem Cell
Technologies, Vancouver, Canada) offers
another approach to obtain tumor cell-enriched
preparations. The RosetteSep® antibody
cocktail (tetrameric antibody complexes)
crosslinks unwanted CD45% cells in human
whole blood to multiple red blood cells, forming
immunorosettes. This procedure increases the
density of the unwanted (rosetted) CD45* cells,

such that they pellet along with the free red
blood cells when centrifuged over a density
medium. The desired target cells are not labeled
with antibody and can be easily collected in
a highly enriched form while floating at the
interface between the plasma and the density
medium.

Finally, isolation by size of epithelial tumor
cells (ISET) is based on the observation that the
vast majority of peripheral blood leukocytes are
among the smallest cells in the body, with a size
ranging from 8 pm to 11 wm. By filtering the
blood through a polycarbonate membrane with
calibrated pores of 8 wm [97, 127], the leuko-
cytes are concentrated and can be stained and/or
immunolabeled. By eliminating multiple separa-
tion steps, this method minimizes cell damage
and the loss of rare cells. However, experience
with this method remains limited.

Development of improved enrichment proce-
dures has been important, but it is unclear if
the new enrichment techniques provide more
clinically relevant information than the standard
density gradient procedure (Fig. 7.1).

7.3.2 Detection Methods

The advantages and disadvantages of the most
common assays that have been developed to
detect DTCs in breast cancer and other types
of carcinomas will be discussed in the following
sections.

7.3.3 Immunocytochemical Techniques

A common approach to identify DTCs is
immunocytochemical staining with mono-
clonal antibodies against epithelial or tumor-
associated antigens (Fig. 7.1) [37, 42, 90].
The prognostic impact of immunocytochem-
ical DTC detection at the time of primary
surgery was confirmed in a large study of
4,703 breast cancer patients with a 10-year
follow-up [23]. Cytokeratins (CK) are the
most widely accepted protein markers to
detect epithelial tumor cells in mesenchymal
tissues such as BM, blood, or lymph nodes
[20, 23, 94], but differences in staining tech-
niques can create differences in antibody
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Figure 7.1.

Standardized method for BM preparation and detection of disseminated tumor cells. A. BM aspiration from the upper iliac crest. B.

Enrichment of mononuclear cells, cytospin preparation, and immunocytochemistry. C. Automated screening for DTCs and visual evaluation of images.

specificity and staining patterns [14, 17].
The assay and its evaluation therefore have been
standardized on an international scale [15, 37,
see also www.dismal-project.eu].

7.3.3.1 Advantages

The immunocytochemical approach provides
(1) a morphological analysis of DTCs, (2) char-
acterization of the DTCs by multiple labeling of
relevant antigens, (3) direct quantification, and
(4) the possibility of using the cells for further
analyses (e.g., fluorescence in situ hybridization
(FISH) or comparative genomic hybridization
(CGH)).

7.3.3.2 Disadvantages

(1) The morphological criteria for the identifica-
tion of DTCs are subjective and reliable charac-
terization requires long-term expertise, and (2)
the screening of large numbers of BM or blood
cells takes a long time.

Automated devices for the microscopic
screening of immunostained slides (Fig. 7.1)
have made slide analysis more rapid and more
reproducible [7, 13, 65, 66, 79, 135]. Of the
available semi-automated systems, the FDA-
approved CellSearch™ system has gained
popularity because of its automated immuno-
magnetic enrichment and its ability to stain for
cytokeratin-positive cells in blood samples [30,
108].

7.3.4 Polymerase Chain Reaction
Based Assays

Molecular detection procedures have become a
widely used alternative to immunocytochemical
DTC assays. In principle, the nucleic acid in a
sample is amplified by polymerase chain reac-
tion (PCR), permitting a very small number of
tumor cells to be detected. However, the pro-
cedure depends on changes in DNA or mRNA
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expression patterns that distinguish tumor cells
from the hematopoietic cells. Because the DNA
of breast carcinomas is heterogeneous, there is
no universally applicable DNA marker. There-
fore, molecular diagnostic assays for breast
carcinomas have focused on detection of RNA
markers.

7.3.4.1 Advantages

(1) The molecular technique has high sensitiv-
ity, (2) it allows observer-independent detec-
tion of DTCs, and (3) quantitative real-time
RT-PCR may increase discrimination between
mRNA expression of normal and tumor cells,
thereby increasing the specificity of the RT-PCR
approach [11].

7.3.4.2 Disadvantages

(1) Inadequate expression of epithelial and/or
tumor-specific mRNAs, (2) RNA instability,
leading to false-negative results, (3) false-
positive results attributable to specificity prob-
lems due to low-level gene expression in normal
hematopoietic cells [64], which occurs particu-
larly if a nested PCR approach is used, (4) no
visualization or isolation of DTCs, (5) the het-
erogeneity of tumor cells may make it difficult to
identify a gene that discriminates between nor-
mal and tumor cells.

Many transcripts have been evaluated as
“tumor-specific” markers, e.g., cytokeratins
CK18, CK19, and CK20, mucin-1 (muc-1),
and carcinoembryonic antigen (CEA) [32].
When, in breast cancer, CK19 mRNA transcripts
are detected in peripheral blood, survival is
adversely affected [55], particularly in early-
stage patients with estrogen receptor-negative
tumors. However, the downregulation of CK19
mRNA marker expression [133] is an argument
in favor of a multimarker RT-PCR approach [17,
70, 121].

7.3.5 Enzyme-Linked Immunospot
(ELISPOT) Technology

A drawback of both immunocytochemical and
RT-PCR assays is that they cannot distinguish
between viable and apoptotic cells. A rela-
tively new technique that makes this distinc-

tion is now available for DTC and CTC analy-
ses of BM aspirates and blood samples [89]. This
technique, designated as EPISPOT (i.e., epithe-
lial immunospot), uses an adaptation of the
ELISPOT technology and is based on the secre-
tion or active release of specific marker proteins.
The immunospots are due to the protein finger-
prints left only by the viable secreting cells. Cell
culture is needed to accumulate enough of the
released marker proteins. This avoids detecting
dead cells, as they do not secrete enough protein
for analysis [2, 31]. Addition of cycloheximide
to the cell culture on the nitrocellulose mem-
brane causes the immunospots to disappear, a
method that confirms the de novo synthesis of
proteins. The EPISPOT assay can be combined
with epithelial cell-enrichment by using a CD45*
cell depletion.

7.3.5.1 Advantages

(1) The only assay that detects viable DTCs,
i.e., cells that can release a marker protein, (2)
secreted proteins are immunocaptured by the
membrane before dilution in the supernatant.
The EPISPOT assay therefore has a sensitivity
that is four orders of magnitude above that when
these proteins are quantified in cell-free culture
supernatants [2, 4].

7.3.5.2 Disadvantages

(1) The protein used to identify a cell must
be actively secreted, shed, or released from the
cells, (2) at this time, there is no possibil-
ity to identify and isolate the specific protein-
secreting cell(s) after cell culture.

Muc-1 and CK19 have been used as marker
proteins to detect breast cancer-derived
DTCs/CTCs [5]. Muc-1 is a membrane-bound
mucin overexpressed and aberrantly glycosy-
lated in breast carcinoma cells; it is cleaved,
shed, and detected in the serum as a tumor
marker called CA15-3 [51, 82, 95]. CK19, one
of three main keratins besides CK8 and CK18,
is found in simple or stratified epithelium and
in carcinomas. CK19 is abundantly expressed
in primary epithelial tumors, e.g., breast, colon,
lung, and hepatocellular carcinoma cancer
cells [27, 140], but not in normal mesenchy-
mal hematopoietic cells. Muc-1-secreting cells
(SCs) have been detected in the blood of all
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advanced metastatic breast cancer patients,
but not in healthy controls (3). Enumeration
of both Muc-1- and CK19-SCs allows detection
of viable DTCs in the BM of 90% of breast
cancer patients with and 54% of breast cancer
patients without overt distant metastasis [4].
These findings are comparable to those obtained
with sensitive RT-PCR-based techniques [139].
Breast cancer patients in whom CK19 releasing
cells have been detected are likely to have
an unfavorable clinical outcome resulting
from metastasis (MO-patients) or metastatic
progression (M1-patients) [87].

EPISPOT technology reveals a unique fin-
gerprint of single viable tumor cells. Because
many secreted proteins modulate metastatic
progression (e.g., growth factors and proteases)
and because a wide range of fluorochromes is
available, it should be possible to extend this
technique to a multiparameter analysis. The
technique therefore also should lead to an
understanding of the biology of early metastatic
spread. In view of the marked genetic hetero-
geneity of DTCs, when there is minimal residual
cancer, analysis of a variety of markers and the
use of several methods is recommended.

7.4 Characterization of DTCs

7.4.1 Phenotypicand Molecular
Characterization of DTCs

The molecular and phenotypic characterization
of DTCs remains a challenge, not only because
there are so few of these cells, but also because
of the difficulty in obtaining enough cells to sep-
arate and isolate without contamination by other
cell types. Most DTCs markers are not tumor-
specific and DTCs only can be characterized by
epithelial- or organ-specific genes or proteins.
To prove these cells are malignant requires fur-
ther phenotypic and/or molecular characteriza-
tion, a process that is hampered by the fact that
DTCs exhibit features that differ from those of
the primary tumor.

The purpose of characterizing DTCs is to
reveal diagnostically and therapeutically rel-
evant features that would lead to an anti-

metastatic therapy that is more targeted and
individualized. Fehm et al. [38] have shown,
using multiple FISH analyses, that the majority
of CTCs isolated from the blood of breast can-
cer patients are aneusomic, i.e. have deviations
from the normal state of disomy, and are derived
from the primary tumor. Interestingly, Schardt
et al. [112] detected a DTC population with nor-
mal karyotypes that had been isolated from the
BM of breast cancer patients. Nevertheless, the
malignant origin of these cells was confirmed by
analyzing a given cell for chromosomal aberra-
tions, subchromosomal allelic losses, and gene
amplification [112].

CGH has shown that even in early-stage
breast cancer DTCs in BM are genetically het-
erogeneous. In advanced breast cancer, however,
genetic aberrations are fewer [62, 115]. Inter-
estingly, the early DTCs lacked some genomic
aberrations found in different regions of the
primary tumors [40]. This suggests that DTCs
evolve independently from the primary tumor
and accumulate new genomic aberrations in
the course of homing to BM and other dis-
tant organs [112]. Individual CTCs isolated from
the blood of prostate cancer patients may orig-
inate in distinct tumor foci within the primary
tumor, usually a tumor region that represents
the hormone-refractory tumor fraction [114]. In
primary tumors, loss of heterozygosity in dis-
tinct markers, as in those representing the tumor
suppressor genes PTEN and BRCAI, seems to
be associated with the occurrence of CTCs in
prostate cancer patients [114]. DTCs in BM are
found in up to 90% of patients with active
prostate cancer. Most of these DTCs express PSA,
with the highest numbers in refractory cancer
patients that had been treated with androgen
ablation therapy [99].

DTCs are heterogeneous with respect to the
expression of growth factor receptors, adhe-
sion molecules, proteases and their inducer
and receptors, major histocompatibility com-
plex antigens, or signaling kinases [50, 60, 63,
80, 92, 107, 113, 122]. The epidermal growth fac-
tor receptor HER2 is of particular interest. When
this marker is found to be overexpressed in the
primary tumors of breast cancer patients, treat-
ment with trastuzumab (Herceptin®) is usually
prescribed. HER2 overexpression of DTCs from
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BM predicts a poor clinical outcome for stage
I-IIT breast cancer patients [22]. Schardt et al.
[112] identified a subset of cytokeratin-positive,
CGH-normal DTCs from BM of early MO0-stage
breast cancer patients who displayed HER2 gene
amplification. In most other cases HER2 gene
amplification in DTCs occurs later in cancer pro-
gression [112]. Even though it was shown that
in one set of breast cancer patients the HER2
status remained relatively stable between pri-
mary tumors and BM micrometastases [126],
there also is increasing evidence [112, 119] that
there is a discrepancy between the HER2 sta-
tus in primary tumors and that in DTCs in BM.
Even though HER2 expression does not fully
parallel that in DTCs from specific patients, it is
conceivable that, if DTCs are HER2-positive in
patients whose primary tumors are not HER2-
positive, Herceptin therapy may be indicated
[119]. Whether HER2-positive DTCs reflect the
primary tumor and/or metastases and are an
indication for Herceptin treatment is not known.
Kufer et al. [67] analyzed BM aspirates
from 106 patients with breast, lung, colorec-
tal, prostate cancer, and different sarcomas.
With the aid of the multimarker RT-PCR,
these investigators found different MAGE-A
(melanoma-associated antigen) genes expressed
in a variety of malignancies, whereas 30 BM
samples from healthy donors were completely
MAGE-A-negative. MAGE-A expression, deter-
mined by the multimarker RT-PCR assay, over-
lapped significantly with positive results of
the cytokeratin-based test [67]. Prostate cancer
patients with a high risk of metastatic relapse
were more frequently MAGE-A-positive than
patients with a lower risk [67]. The recently
developed multimarker real-time PCR assay for
the detection of MAGE-A gene expression in
blood and BM is sufficiently sensitive to detect
and quantify the minimal systemic tumor load
in prostate cancer patients with localized dis-
ease [78]. Sienel et al. [118] have shown that the
presence of MAGE-A transcripts can serve as an
independent prognostic factor for patients with
operable non-small cell lung cancer.
Approximately 50% of DTCs from prostate
cancer patients express telomerase activity,
potentially predictive for early recurrence [98].
Telomerase activity did not correlate with

Gleason-score, pre-operative PSA level, tumor
stage, or surgical margin status [98]. On the
other hand, telomerase-negative DTCs may be
dormant, inasmuch as telomerase is a marker for
cell proliferation in cancer cells [98].

Microarray-based gene expression analyses
of primary breast tumors from patients with
DTCs in BM [85, 136] support the hypothe-
sis that tumor cells acquire the genetic changes
relevant to their metastatic capacity early in
tumorigenesis [12]. Accordingly, the metastatic
potential of DTCs already may be encoded in
most primary tumor cells [12, 106]. Informa-
tion about the overall gene expression pro-
gram of DTCs is limited. Watson et al. [128]
reported that DTCs in BM after chemotherapy
are characterized by unique transcriptional sig-
natures. TWIST1, a transcription factor, plays
an important, role in metastasis by promot-
ing epithelial-mesenchymal transition [25, 61,
74, 111]. TWIST1 has been identified as part
of the gene expression signature in EpCAM-
enriched cells from BM of breast cancer patients
after chemotherapy. The upregulated expression
of TWIST1 correlated with the occurrence of
distant metastasis and local progression, even
in pretreatment BM samples [128], and was
not observed in EpCAM-enriched cells of BM
obtained from healthy volunteers. Studies are
needed to elucidate if individual DTC-specific
genes are markers for the prediction of early
recurrence in breast cancer [128].

7.4.2 Features Enabling Homing,
Dormancy, and Re-growth of DTCs

Absence of the proliferation marker Ki-67 in
DTCs indicates that most DTCs in BM are non-
proliferating and dormant [84, 93]. This may
explain why adjuvant chemotherapy is ineffec-
tive [19]. Because only half of the breast can-
cer patients with DTCs relapse, while the other
half remain tumor-free for 10 years [23], it
seems likely that a significant fraction of DTCs
remains dormant and does not metastasize.
When DTCs are detected in BM even years
subsequent to primary breast cancer treatment,
the risk of late metastatic relapse has increased
[56, 130]. To overcome dormancy and then to
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metastasize must involve both genetic and epi-
genetic changes in the DTCs, i.e., additional
mutations, and/or methylation/demethylation
in the DTCs. Changes in the microenviron-
ment or premetastatic niche, i.e., stress, immune
surveillance, dietary changes, increased angio-
genetic potential, etc. [77, 86, 125] [see Chap-
ter 1 of this volume] also may contribute to
disease recurrence. Crucial conditions and tim-
ing for outgrowth of dormant tumor cells are
not known [3, 88]. Furthermore, primary tumor
cells need to be analyzed for the factor(s) that
enable them to lodge in BM. In esophageal can-
cer, the expression in primary tumors of the
CXC-chemokine receptor, CXCR4, parallels the
presence of DTCs in lymph nodes and BM [59].
Tumor cells with a metastatic potential may use
this chemokine-mediated mechanism to home
to BM, a tissue rich in the stromal cell-derived
chemokine, SDF-1, which acts as ligand for
CXCR4 [83]. Other proteins needed by DTCs
for transition from dormancy are HER2 and the
urokinase-type plasminogen activator receptor
(uPAR). The overexpression of HER2 in CTCs
from blood and DTCs from BM correlates with
metastatic relapse in breast cancer [138] and
that of uPAR with relapse in gastric cancer [49].
Strategies to induce or maintain tumor cell dor-
mancy may involve blocking these proteins [1].

Host hereditary factors, in particular host
genetic polymorphisms, can modulate the
metastatic efficiency of tumor cells [29, 53, 54].
Further research is needed to identify genetic
polymorphisms that are associated with an
increased capacity of DTCs to survive and to
escape from dormancy.

7.4.3 Stem Cell-Like Phenotypes
of DTCs

The concept that cancer originates from stem or
progenitor cells that can self-renew and differen-
tiate has received growing attention as a result
of the discovery of new stem cell markers and
signatures [104, 105, 116, 120, 129]. These mark-
ers include those that occur in many tumors, as
well as others found only in a limited number of
tumors [116]. CD133, Bmi-I, or Oct-4 are com-
monly expressed cancer stem cell markers [116].

The presence of CD44 and the absence of low-
level expression of CD24 characterize breast can-
cer “founder” cells. Founder cells can produce
more tumors inimmunosuppressed mice than do
other breast cancer cells [39, 100, 117]. Interest-
ingly, microarray gene expression analysis of the
ratio of CD44*/CD24~ 1% cells (in the absence of
CD44" cells) in breast cancer tissue produced a
186-gene signature of invasion that was signifi-
cantlyassociated with overall and metastasis-free
survival of breast cancer patients [72].

Ginestier et al. [44] reported that the expres-
sion of aldehyde dehydrogenase (ALDH1), a
new stem cell marker, was associated with
poor clinical outcome in breast cancer. Further-
more, highly ALDH-1-active breast cancer cells
are strongly tumorigenic when transplanted as
xenografts in NOD/SCID mice. These cells self-
renew and generate tumors that recapitulate the
heterogeneity of the parental tumors [44].

The “founder” cells of overt metastases may
represent “metastatic stem cells” among the
DTCs, because DTCs in BM and metastatic
relapse have been shown to be positively and
significantly correlated [23]. Moreover, most
DTCs are non-proliferative, have long persis-
tence, and are resistant to conventional systemic
chemotherapy [8, 9, 20, 84, 93]. This also is true
for tumor stem cells [33, 46]. Accordingly, when
genetic or environmental changes cause DTCs to
no longer be dormant, metastatic relapse may
ensue.

Recently it was shown that most DTCs in
BM were CD44%/CD24~ " and expressed stem
cell features [6]. A proportion of viable DTCs
enriched from BM of metastatic and primary
breast cancer patients present with a breast can-
cer stem cell-like phenotype [5], characterized
by CK19-positive status and the absence of Muc-
1 secretion [45]. Whether DTCs can self-renew,
as do stem cells, remains to be elucidated.

The pathways that confer tumor stem cells
with chemoresistance, i.e., influence prolifer-
ation and differentiation, suppress apoptosis,
or increase expression of drug transporters or
DNA repair enzymes, remain under investiga-
tion [81]. Aside from the Notch signaling path-
way in breast cancer stem cells [35, 81], develop-
mental pathways such as Wnt and hedgehog also
contribute to regulating cancer stem cell features
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[71, 73, 81]. If these pathways could be targeted,
it might be possible to eradicate tumor stem
cells, thereby minimizing the chance of develop-
ing metastases.

7.4.4 ldentification of Therapeutic
Targets for DTCs

If DTCs in fact differ genetically and phenotyp-
ically from the corresponding primary tumors,
DTC characterization could identify particu-
lar cancer patients for targeted therapies. In
breast cancer patients, the most prominent ther-
apeutic target is HER2, which is overexpressed
in 20-30% of these patients. Currently, breast
cancer patients are treated with human anti-
HER2 monoclonal antibody trastuzumab [101,
110], based only on analysis of the phenotype
of the primary tumor. However, HER2-positive
DTCs or CTCs now are known to be present
also in patients with HER2-negative primary
tumors [119, 138], an observation that is con-
sistent with the high frequency and prognos-
tic relevance of HER2 expression in BM [22].
More patients therefore may benefit from HER2-
targeting therapies [119]. Ongoing clinical stud-
ies will show whether the HER?2 status of DTCs
correctly predicts the response to trastuzumab
or other HER2-directed therapies.

Most DTCs that remain in 50% of BM samples
from ovarian cancer patients after platinum-
based chemotherapy co-express cytokeratin and
EpCAM and are non-apoptotic. Ovarian can-
cer patients therefore may benefit from ther-
apy based on an antibody that targets EpCAM
[134]. Other molecules of interest in anti-cancer
therapies are antigen-like MAGE (see above),
molecules that are frequently expressed not
only in different primary tumors, but also in
DTCs from a variety of cancers [67]. Because
MAGE antigens can induce autologous cytolytic
T-lymphocytes in vitro [41, 123, 124], the
identification of individual expression patterns
of MAGE genes in cancer patients may help
develop anti-tumor vaccines [67].

Analysis of BM for DTCs during and after
systemic adjuvant therapy following surgery
may provide unique information on manag-
ing cancer patients [8, 9, 20, 56, 130] at risk

of recurrence after first-line therapy has been
completed. These patients may benefit from an
additional or “second-line” therapy, as with bis-
phosphonates or treatment targeted at growth
factor receptors or angiogenesis. Monitoring
studies require repeated BM sampling, but BM
aspiration is invasive, time-consuming and, in
many cases, painful or uncomfortable. CTC
detection in the peripheral blood therefore
has been attempted [109]. Studies comparing
simultaneous BM and peripheral blood sam-
ples, though limited in number, have shown that
peripheral blood samples have lower prediction
power [10, 84, 102, 131]. Conceivably BM, by
providing conditions for DTC homing and sur-
vival, attracts more tumor cells. Nonetheless,
blood samples may provide supplementary data,
particularly if the analysis is repeated [48, 68].
In summary, progress has been made in
detecting and characterizing DTCs in BM of
patients with solid tumors. This information
may improve treatment strategies, particularly if
the new knowledge can be translated into new
therapeutic options for the individual patient.
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Molecular Imaging of Cancer Cells

Growing in Bone
Inna Serganova and Ronald G. Blasberg

8.1 Introduction
and Background

Recently, a definition of molecular imaging was
recommended by the Molecular Imaging Center
of Excellence (MICoE) and the Society of Nuclear
Medicine (SNM). Molecular imaging was defined
as “the visualization, characterization, and mea-
surement of biological processes at the molecu-
lar and cellular levels in humans and other living
systems”. Although the term “molecular imag-
ing” was coined in the mid-1990s, it has its roots
in molecular and cell biology, as well as in imag-
ing technology, chemistry, and radiochemistry.
Molecular imaging is the direct result of signifi-
cant developments in several noninvasive, in vivo
imaging technologies including magnetic reso-
nance imaging (MRI) [59, 114], nuclear imaging
(gamma camera and a positron emission tomog-
raphy (PET)) [6], and optical imaging of small
animals [36, 57, 112] (Fig. 8.1).

8.2 Molecular Imaging
Strategies

The most widely used molecular imaging
modalities include (1) optical (fluorescence,
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bioluminescence, and spectroscopy), (2)
radionuclide (PET, SPECT (single-photon emis-
sion computed tomography), gamma camera,
and autoradiography), (3) magnetic resonance
(spectroscopy, contrast, diffusion-weighted
imaging), (4) ultrasound, and (5) computed
tomography (CT). Before discussing specific
molecular imaging issues and application in
the imaging of cancer cells growing in bone, it
will be helpful to outline briefly three current
imaging strategies to monitor and measure
molecular events noninvasively. These strategies
have been broadly defined as “biomarker”,
“direct”, and “indirect” imaging.

8.2.1 Biomarker Imaging

Biomarker imaging can be used to assess down-
stream effects of one or more endogenous
molecular-genetic processes. This approach is
particularly attractive for potential translation
into clinical studies in the near term, because
existing clinical imaging paradigms may be use-
ful to monitor changes in specific molecular-
genetic pathways in cancer. For example, imag-
ing a tumor on the basis of its glucose utilization
can be done by using a radiolabeled analog of
glucose (2'-fluoro-2'-deoxyglucose - [*F]JFDG)
and PET. This is possible because malignant

E Bronner, M.C. Farach-Carson (eds.), Bone and Cancer, Topics in Bone Biology 5,
DOI 10.1007/978-1-84882-019-7_8, © Springer-Verlag London Limited 2009
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From men to mice. The imaging technologies developed for human application were converted for use in mouse models. In

addition to X-ray, (T, PET, and MRI, new instrumentation has appeared for in vivo imaging of fluorescence and hioluminescence reporters in mice
(e.g., IVIS imaging system and fluorescence imaging systems, based on a (CD camera for image acquisition).

tumors frequently have high glycolytic rates
[109]. ['®F]FDG PET also is used to assess bio-
logical effects that occur during neoplastic pro-
gression or to monitor the efficacy of anti-cancer
therapies [63, 96, 105] (Fig. 8.2).

Radionuclide bone scanning with technetium
99m (**™Tc) methyl diphosphonate has been the
standard for evaluating individuals who may
have bone metastases. ['*F]FDG PET, however,
may provide comparable accuracy [22, 23]. Inte-
grated PET/CT can help differentiate between
FDG-avid lesions that are located within bone
versus those in adjacent soft tissue. CT-FDG
PET co-registered images provide added value in
the assessment of bone cancer and metastases.
Several studies have been performed to evalu-
ate how ['®F]FDG PET contributes to the iden-
tification of malignant bone lesions [34, 60, 87].
["®F]FDG biomarker imaging has proven very
useful for the clinical management of individ-
ual patients, even though it is relatively “non-

specific,” and likely to implicate more than one
protein or signaling pathway.

8.2.2 Direct Molecular Imaging

Direct imaging strategies usually are described
in terms of a specific target or target-specific
probe and utilize nuclear, optical, and MR imag-
ing technology. The resultant image of probe
localization and concentration (signal intensity)
is a direct function of its interaction with the tar-
get. Imaging cell surface-specific antigens with
radiolabeled antibodies and genetically engi-
neered antibody fragments, such as minibod-
ies, is one example of direct molecular imag-
ing that has evolved over the past 30 years.
More recent research has focused on the chem-
istry and synthesis of small radiolabeled or flu-
orescent molecules that target specific receptors,
for example, the estrogen or androgen receptors
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["®FIFDG PET imaging of gastrointestinal stromal tumors (GISTs). ["®F]FDG PET and (T scans of patient with metastatic GIST in

the abdomen and liver, before (A, B, €) and after 4 months of therapy with STI-571 (Gleevec) (D, E, F). After treatment, CT images show that several
of the tumors are still present and have decreased very little in size. ["*FIFDG PET imaging shows a marked decrease in glucose utilization in all but
one tumor after treatment with STI-571 (Gleevec). Figure provided by Henry Yeung and Tim Akhurst with appreciation and permission, Memorial

Sloan-Kettering Cancer Center, New York, NY.

[31, 71] and fluorescent probes that are activated
by endogenous proteases [64]. For example, the
ayP3 integrin is highly expressed in tumor vascu-
lature and plays an important role in metastasis
and tumor-induced angiogenesis. Initial studies
of targeting and imaging of the a,fB; integrin
with radiolabeled glycosylated RGD-containing
peptides are very encouraging (Fig. 8.3) [52].
Another example is direct imaging of the cell
surface receptor tyrosine kinase HER2, which is
overexpressed in many breast tumors. The level
of expression of HER2 can be imaged with radi-
olabeled [7, 43, 83] or gadolinium-chelated [3]
antibodies specific for HER2. The major limi-
tation of direct radiotracer imaging strategies

is the necessity to develop a specific probe for
each molecular target, and then to validate the
sensitivity, specificity, and safety of each probe.
This can be very time-consuming and costly.
For example, the development, validation, and
regulatory approval for ["*F]FDG PET imaging
of glucose utilization in tumors has taken over
20 years.

8.2.3 Indirect (Reporter Gene)
Molecular Imaging

Indirect imaging strategies are more compli-
cated. One example of indirect imaging now
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Noninvasive imaging of o, (3; integrin expression by PET. Transaxial PET images of nude mice bearing human melanoma

xenografts. Images were acquired 90 min after injection of approximately 5.5 MBq of ['®F]Galacto-RGD. The top left image shows selective accumula-
tion of the tracer in the o, 35-positve (M21) tumor on the left flank. No focal tracer accumulation is visible in the o, 35-negative (M27-L) control tumor
(bottom left image). The three images on the right were obtained from serial ["®F]Galacto-RGD PET studies in one mouse. These images illustrate the
dose-dependent blockade of tracer uptake by the o, 33 integrin-selective cyclic pentapeptide cyclo (-Arg-Gly-Asp-D-Phe-Val-). Figure adapted with

permission from Haubner et al. [52].

being used widely is reporter gene imag-
ing. It requires “pre-targeting” (delivery) of
the reporter gene to the target tissue (by
transfection/transduction), and usually includes
transcriptional control components that can
function as “molecular-genetic sensors” that ini-
tiate reporter gene expression. This strategy has
been widely applied in optical [21, 57, 90] and
radionuclide-based imaging [45, 102, 103, 104]
and to a lesser degree for MR [72, 114] imag-
ing. Early reporter gene imaging approaches
required post-mortem tissue sampling and pro-
cessing [41, 82]. A general paradigm for “non-
invasive reporter gene imaging” using radi-
olabeled probes was first described in 1995
[104] and is diagrammed in Fig. 8.4. This
paradigm requires the appropriate combina-
tion of a reporter transgene and a reporter
probe. The reporter transgene product, usually
an enzyme, transporter, or receptor selectively
interacts with a specific radiolabeled probe and
accumulates only in transduced cells (Fig. 8.4A-
C). Alternatively, the enzyme (e.g., luciferase)
catalyzes a reaction that yields light (photons)

in the presence of substrate (e.g., luciferin).
The reporter gene product can itself be fluo-
rescent, allowing it to be imaged in vivo or
ex vivo (Fig. 8.4D).

This Chapter will describe the development
of reporter genes for noninvasive quantitative
imaging in small animals and the potential for
translation to patient care. The description of
PET/SPECT-based reporter imaging genes and
their complementary probes will be followed by
characterization of other reporter genes, mostly
for optical imaging, that have been developed
for work with xenografts and transgenic animal
models of cancer.

8.2.3.1 Radiotracer Reporter Gene Imaging

8.2.3.1.1 Herpes Simplex Virus 1 Thymidine
Kinase Gene

The herpes simplex virus type 1 thymidine
kinase (HSV1-tk) gene has gained considerable
attention as a “suicide gene” in clinical medicine
and as a radiotracer-based reporter gene. The
HSV1-TK enzyme, like mammalian thymidine
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The reporter imaging genes and their tracers. Diagrammatic presentation of a general paradigm for noninvasive reporter gene

imaging, using radiolabeled probes and fluorescence/bioluminescence imaging. This paradigm requires the appropriate combination of a reporter
transgene and a reporter probe. The reporter transgene product (a protein or enzyme) selectively interacts with a specific radiolabeled probe and
results in its accumulation in transduced cells only. Alternatively, the enzyme (e.g., luciferase) will catalyze a reaction to yield light (photons) in the
presence of substrate. The reporter gene product could also be a fluorescent protein that can be imaged in vivo as well as ex vivo.

kinases (TKs), phosphorylates thymidine to
thymidine monophosphate (TdR). Unlike
mammalian TKs, viral HSV1-TK can also
phosphorylate modified thymidine analogs,
including  2’-deoxy-2’-fluoro-5-iodo-1-[B]-D-
arabinofuranosyluracil  (FIAU), 2’'-fluoro-5-
ethyl-1-[p]-D-arabinofuranosyluracil (FEAU) as
well as acycloguanosine analogs (e.g., acyclovir
(ACV); ganciclovir (GCV); penciclovir (PCV))
that are not (or minimally) phosphorylated
by eukaryotic TKs [44]. In the mid-1990s, a
number of potential marker/reporter probes for
imaging HSV1-tk gene expression were studied
at Memorial Sloan-Kettering Cancer Center
(New York, NY, USA) (Fig. 8.4A). FIAU had
been previously radiolabeled for imaging viral
infections [94]. In vitro assays comparing dif-
ferent thymidine and acycloguanosine analogs
for HSV1-TK sensitivity and selectivity showed
that FIAU had good imaging potential. A variety
of radionuclides (*'C, 21, 13, 131, 12%I) can be
used for FIAU labeling. Using QAR imaging

techniques, experiments involving HSV1-tk
transduced tissue and FIAU were first performed
in rats bearing intracerebral (i.c.) RG2 tumors
[103, 104] (Fig. 8.4A). This was subsequently
followed by gamma camera, SPECT, and PET
imaging studies [102, 103]. A phase I/II clinical
trial of HSV1-tk “suicide” gene therapy for recur-
rent glioblastoma indicated that PET-imaging
of HSV1-TK expression in patients is feasible
and that vector-mediated gene expression can
predict a therapeutic effect [62].

PET imaging of HSV1-TK expression also can
be performed with acycloguanosine derivatives
that show very low affinity to mammalian TK-1.
Radiolabeled with fluorine-18 (¢;, =110 min),
these compounds can be used for repetitive
imaging studies (every 6 to 8-12 h). After several
years of comparative studies [44, 45, 61], a new
radiolabeled acycloguanine, 9-(4-['*F]fluoro-
3-hydroxymethylbutyl)guanine or ["*F]JFHBG
[1, 117] was developed. In parallel, a mutant
variant of HSVI-TK (HSV1-sr39TK) gene
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exhibited higher uptake of ['®F]JFHBG and
greater efficacy than wild-type HSV1-TK [46].
Cells transfected with HSV1-sr39tk gene accu-
mulated [F]FHBG approximately twice as
well as cells expressing wild-type HSV1-TK;
the resulting ['*FJFHBG/HSV1-sr39TK images
were therefore improved. As a radiotracer,
['8F]FHBG has been studied in normal human
volunteers and has been found to be safe and
of potential value in human applications [118].
Recently, the same ['|F]JFHBG/HSV1-sr39TK
PET imaging system has been used to monitor
TK gene expression after intratumoral injection
of a first-generation recombinant adenovirus in
patients with hepatocellular carcinoma. Trans-
gene expression in the tumor was dependent
on the injected dose of the adenovirus and was
detectable by PET during the first hours after
administration of the radiotracer in all patients
who had received >10'? viral particles. Expres-
sion of the transgene was not detected in any
distant organs, or in the surrounding liver tissue.
PET imaging can therefore help in the design
of gene-therapy strategies and in the clinical
assessment of new-generation vectors [84, 85].

8.2.3.1.2 Sodium lodide Symporter Gene

Radioactive iodide (**'I) therapy is used to
treat thyroid cancer in humans, because the
sodium iodide symporter (NIS) present in their
plasma membranes enables thyrocytes to accu-
mulate iodine [26]. NIS is an intrinsic mem-
brane glycoprotein with 13 putative transmem-
brane domains that transport two sodium ions
with one iodide ion across the cell membrane
[39]. NIS can transport many other anions cou-
pled with sodium, such as ClO;", SCN-, NO;",
Br~, TcO,~, ReO,~ [106]. Since 1996, when the
NIS gene was cloned [26], NIS has been pro-
posed as an imaging reporter gene [8, 16, 49]
(Fig. 8.4B). Using human NIS as a reporter gene
has several distinct advantages. First, hNIS is not
a foreign gene; thus, it is nonimmunogenic. Sec-
ond, endogenous NIS protein expression is lim-
ited to a few tissues. Therefore, exogenous NIS
function can be imaged in many tissues other
than stomach or thyroid. Third, hNIS medi-
ates the uptake of simple radiopharmaceuticals;
therefore, complicated syntheses and labeling of
substrate molecules is not required for imag-

ing. Fourth, because most radiotracers are spe-
cific to hNIS-expressing cells, the background
signal is significantly reduced. Finally, hNIS-
mediated radiotracer uptake is rapid and back-
ground radioactivity is low, making this proce-
dure ideal for noninvasive imaging.

8.2.3.1.3 Norepinephrine Transporter Gene
as a Reporter Gene

In recent years, several groups including ours
have evaluated the norepinephrine transporter
(NET) as a potential reporter gene for in
vivo imaging [2, 14, 79]. NET is a trans-
membrane protein that consists of approx-
imately 600 amino acids and mediates the
transport of norepinephrine, dopamine, and
epinephrine across the cell membrane. The
expression of hNET is restricted to the cen-
tral and peripheral sympathetic nervous system
(brain, heart) [37, 70, 125]. The main advan-
tage of using hNET as a reporter gene is that
NET expression can be imaged efficiently using
meta-iodobenzylguanidine (MIBG), a clinically
approved, metabolically stable artificial analog
of norepinephrine. MIBG can be readily labeled
with any of the four iodine radioisotopes (**I,
1241, 1251, 1231) (Fig. 8.4B). The MIBG tracer was
developed in 1980 for imaging the peripheral
sympathetic nervous system [115] and subse-
quently was used for the diagnosis of tumors
that originate in the sympathetic nervous sys-
tem (neuroblastoma and pheochromocytoma).
Because of its favorable biodistribution, MIBG
can be readily used for whole-body imaging;
unbound tracer is rapidly excreted, largely via
the kidney [108]. Furthermore, MIBG uptake
is highly specific for NET expression. The NET
gene cloned from human tissue is nonimmuno-
genic and therefore is a good candidate for clin-
ical applications and noninvasive monitoring of
gene- and cell-based therapy.

The “transport class” of reporter systems has
an additional advantage for molecular/reporter
imaging. In contrast to the enzyme-based
reporter systems, the transporters (reporter pro-
teins) are expressed on the cell surface. This pre-
cludes concerns about intracellular accessibil-
ity of the reporter probe. This does not mean,
however, that localization of the transporter
(or a receptor) to the cell surface is a simple
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process. Functionality of the reporter gene prod-
uct involves post-translational intracellular traf-
ficking and proper cell membrane expression,
a situation likely to be altered under different
conditions and disease states. In any case, it is
necessary to show that the level of probe accu-
mulation is proportional to the level of gene and
is not a result of post-translational folding, intra-
cellular trafficking, or cell membrane insertion.

8.2.3.1.4 Genes Encoding Receptors

One of the most attractive reporters from this
class of reporters are the somatostatin receptors
(SSTRs). Somatostatin, originally detected in
the hypothalamus of rats, is a peptide that
inhibits the release of growth hormone. It was
subsequently shown to be a 14-amino-acid
cyclic peptide [10, 68]. Somatostatin modulates
neurotransmission in the central nervous system
(as a neurotransmitter) and regulates the release
of growth hormone and thyrotropin (as a neuro-
hormone). The various actions of somatostatin
are mediated through specific membrane SSTRs
that are present in various regions of the brain,
the endocrine and exocrine pancreas, and the
mucosa of the gastrointestinal tract, as well as in
cells of the immune system [91]. There are six
SSTRs (types 1, 2A and 2B, 3, 4, and 5) and they
all belong to a seven-transmembrane domain
family of receptors associated with G-proteins.
The type 2 SSTR (SSTR2) is expressed primarily
in the pituitary gland. It has high affinity for
octreotide, the first synthetic somatostatin ana-
log introduced for clinical use. SSTR2 inhibits
the release of growth hormone, glucagon, and
insulin more effectively than somatostatin-14
[4]. Octreotide is more stable and resistant
to in vivo degradation than the endogenous
14-amino-acid somatostatin peptide and can
be labeled with !!'In, and isotopes that have
been used for gamma-camera and SPECT
imaging of endogenous SSTR2 expression in
tumors [38, 76]. Intratumoral injection with an
adenovirus or intraperitoneal injection with a
vaccinia virus carrying the SSTr2 gene have been
successfully used with radiolabeled somatostatin
analogs  '''In-diethylenetriaminepentaacetic
acid-octreotide (Octreoscan; Mallinckrodt),
9mTc P829 (NeoTect; Diatide, Inc.), and

9mTc-P2045 (Diatide, Inc.) to localize tumors in
mice [126, 127] (Fig. 8.4C).

The dopamine receptor it is another receptor,
which canbevisualized because of the interaction
with 3-(2'-['®F]fluoroethyl)spiperone (FESP), a
radiolabeled probe that was developed to image
dopaminergic neurons [95]. Five subtypes of
dopaminereceptors, D1-D5have been identified.
They are members of a seven-transmembrane-
spanning heterotrimeric GTP-binding protein (G
protein)-coupled receptor (GPCR) family. The D2
receptor is a 415-amino-acid protein with maxi-
mum expression in striatum and pituitary [13].
Attempts at inducing a high level of membrane
protein expression as reporter gene products face
the problem of retaining function while assuring
proper protein folding, intracellular trafficking,
and insertion into the plasma membrane.

8.2.3.2 Optical Imaging Genes

Optical-based (bioluminescence and fluores-
cence) reporter systems have received increased
attention because of their sensitivity, abil-
ity to bring about sequential imaging, opera-
tional simplicity, and substantial cost benefits
(Fig. 8.4D).

8.2.3.2.1 Bioluminescence Imaging

Bioluminescence imaging (BLI) is based on
the detection of visible light produced during
enzymatic (luciferase) oxidation of a specific
substrate (luciferin). Bioluminescence-based
reporter systems are used extensively for in
vitro assays and whole-body imaging of small
animals [116, 20, 21, 51, 66, 78]. Luciferin and
luciferase are generic terms, since the different
luciferases do not exhibit sequence homology.
The most commonly used bioluminescence
reporters for research purposes have been
Firefly and Renilla luciferases. Useful luciferases
have also been cloned from jellyfish (Aequorea),
sea copepod (Gaussia; GLuc), corals (Tenilla),
click beetle (Pyrophorus plagiophthalamus),
and several bacterial species (Vibrio fischeri,
V. harveyi). Most commonly used reporter
genes have been modified for optimum usage
in mammalian cells and have been termed
“humanized” variants of luciferases.

The cloning of the Firefly luciferase gene in
1985 has made this reporter system a useful
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tool for in vitro and in vivo studies of gene reg-
ulation. Firefly luciferase (FLuc) produces pho-
tons only when oxygen, ATP, magnesium, and
the substrate D-luciferin are present. Another
common bioluminescence system is Renilla
luciferase and its substrate coelenterazine that
acts like luciferin. When oxidized by the appro-
priate luciferase, coelenterazine produces car-
bon dioxide, coelenteramide, and light. Renilla
and the later identified and cloned Gaussia
luciferases are the best characterized proteins
that can be used with coelenterazine for BLIL
The humanized form of Gaussia luciferase is
a small monomeric protein composed of 185
amino acids (19.9 kDa) with a short coding
sequence (555 bp). It is nontoxic and naturally
secreted in the culture medium. hGLuc is heat
stable and resists changes in pH. hGLuc gener-
ates a 1000-fold stronger signal from cells in cul-
ture than does hRLuc or hFLuc. Even though a
significant proportion of hGLuc is secreted, its
bioluminescence, whether from whole cells or a
cell lysate, is 100-fold more intense than due to
hRLuc or hFLuc [101]. Nevertheless, luciferases
that utilize coelenterazine as a substrate have
two drawbacks. First, coelenterazine presence
is associated with substantial autoluminescence
in the presence of certain proteins, particularly
albumin [124]. Second, the MDR1 transporter
can rapidly export coelenterazine from cell lines
that express this protein; this results in a reduced
photon emission flux [88].

The main benefit of optical BLI is its
extremely low background. This means it can
be used to detect very low signal levels from as
few as ~300 cells. However, light absorption and
scatter vary in different tissues with emission
wavelength and depth from the surface. There-
fore, light transmission through the body tends
to be limited.

8.2.3.2.2 Fluorescence Imaging

In the last 10 years, green fluorescent protein
(GFP) has evolved from an almost unknown
protein to a common reporter protein broadly
used in molecular and cell biology. The fact
that the GFP chromophore (formed by autocata-
lytic cyclization) does not require a cofactor or
substrate makes this reporter particularly use-
ful. Fluorescent protein-based reporter gene sys-

tems originated with different spectral-shifted
variants of Aequorea victoria GFPs [40, 50, 69,
74]. Two reviews have described fluorescent
protein variants, their properties, advantages,
and limitations [17, 122]. Fluorescence imag-
ing is useful for these applications: (1) moni-
toring gene expression, (2) tracking of proteins
of interest: localization, movement, interaction,
and functional activity in the cell, (3) identi-
fying and selecting transduced cells by FACS
analysis and sorting, (4) tracking the move-
ment of labeled cells, proteins, and different
organelles [18], and (5) cost-effective in vitro
assays for validation of the function and sensi-
tivity of specific inducible reporter systems. In
addition, fluorescence whole-body imaging may
become a key technology to visualize reporter
gene expression [56, 81], interactions between
proteins [29], or target gene promoter regula-
tion [123]. An important advantage of fluores-
cence imaging is that tissue sections can be
examined at the microscopic level [33, 56, 57].
However, fluorescence imaging also has limita-
tions. Both transmitted and emitted light are
attenuated and scattered by tissue. This signif-
icantly limits the resolution and depth of body
imaging. Endogenous autofluorescence dimin-
ishes imaging quality and increases background
fluorescence that in turn limits the sensitivity
and specificity of imaging. Background fluores-
cence can be addressed by the use of selective fil-
ters or the application of spectral analysis. How-
ever, the light penetration problem is more diffi-
cult to solve. A possible solution is new classes of
red fluorescent proteins and near-infrared dyes
which have better deep-tissue imaging charac-
teristics [15, 48, 119, 120]. Also, fluorescence
imaging requires an external light source to acti-
vate the chromophore. This is not true for BLI.

8.3 Imaging of Cancer Cells
Growing in Bone

8.3.1 (Clinical Application

Bone cancers can be divided into two groups.
The first includes primary bone cancers. These
are extremely rare neoplasms and account for
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less than 0.2% of all cancers. Primary bone
cancers are characterized by clinical hetero-
geneity. The three most common forms of pri-
mary bone cancers are osteosarcoma (35%),
chondrosarcoma (30%), and Ewing’s sarcoma
(16%). The second, much larger group, com-
prises primary tumors in other organs that
have metastasized to bone. Of these, prostate,
breast, and lung cancers are the most common
in adults and the most common that metastasize
to bone [19]. Carcinomas of kidney and thyroid
and melanomas are other frequent tumors that
metastasize to bone [107].

Primary bone and some metastatic tumors
are diagnosed by conventional radiography, the
gold standard for bone cancer evaluation since
the discovery of X-rays in 1895 by W.C. Roent-
gen. X-rays provide high resolution, are rela-

tively low cost, and remain the most widely
used imaging modality in clinical medicine.
Other methods useful in detecting bone tumors
include scintigraphy (isotope bone scan), CT,
and MRI: these complement conventional radio-

graphy.
8.3.1.1 Scintigraphy

The procedure of administering a radionuclide
and recording the distribution of radioactiv-
ity by an external scanning scintillation cam-
era is named scintigraphy. Bone-seeking agents
like a technetium (**™Tc)-labeled diphosphonate
accumulate mostly in regions with increased
blood flow and new bone formation [35]
(Fig. 8.5). Scintigraphy is more suitable for the
detection of metastatic disease, especially in the
early phases, than for the detection of primary

Figure 8.5.

Bone scans. A [*™Tc]-methylene diphosphonate (MDP) planar bone scan and a ["®F] fluoride bone scan of same patient obtained

within a few days of each other. (A and B) Anterior and posterior views showing increased [*™TcJMDP uptake in some vertebra and ribs. (C and
D) Anterior and posterior maximum-intensity projection (MIP) views of a ['®FIfluoride PET scan showing numerous additional metastases. Even in
retrospect, only a few of the ["8F] fluoride lesions can be seen on the [*™TcJMDP planar images. Figure adapted with permission of the Society of

Nuclear Medicine from Bridges et al. [11, Figure 1].
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bone cancers. Because *™Tc-labeled compounds
have low toxicity, they can be used repeatedly in
a subject without significant risk. One disadvan-
tage of scintigraphy is that it cannot readily dis-
tinguish between benign and malignant disease.
Scintigraphy differs in its sensitivity to detect
metastastic tumors because bone formation and
tumor growth rates differ in different tumors.

8.3.1.2  Computed Tomography

The first commercially available CT scanner
was developed by Godfrey N. Hounsfield and
announced in 1972. Allan McLeod Comack inde-
pendently developed a similar scanner. In 1979,
both shared a Nobel Prize in medicine.

In contrast to plain X-ray imaging, the X-ray
beam in CT is collimated into a narrow beam
that passes through the patient in thin slices
from multiple angles. The beam is attenuated by
its passage through different structures of the
body and recorded by highly sensitive detectors
capable of identifying slight differences in tis-
sue density. The critical advance in the devel-
opment and evolution of CT has been in the
mathematics of the reconstruction algorithms
that generate three-dimensional or tomographic
images, and in the development of faster pro-
cessing (computers) to perform the reconstruc-
tions. The scanner computes a tomographic data
set that can be used for visualization of sin-
gle or multiple slices in different planes (sagit-
tal or coronal) [25]. CT images are obtained
with specific contrast agents and provide both
spatial and contrast resolution. This makes the
images very useful for evaluating skeletal metas-
tases. The detection of soft-tissue tumor exten-
sion by CT often depends on the difference in fat
content of tumor and surrounding tissue. Con-
ventional radiographic methods cannot detect
tumor extension into bone marrow, but CT can.
MRI however provides even better visualization
of marrow invasion [98].

8.3.1.3  Magnetic Resonance Imaging (MRI)

The progress of MRI techniques in the course
of the past two decades has had a major impact
on imaging the musculoskeletal system. The
contrast resolution of MRI is almost 50 times
greater than that of conventional X-ray radio-
graphy and “10 times greater than CT. More-

over, MRI does not expose patients to radia-
tion [25]. MRI also makes it possible to per-
form magnetic resonance spectroscopy (MRS)
and to identify the presence and concentration
of specific, cancer-related molecules [47, 80].
MRI uses the magnetic properties of protons in
the atomic nucleus to generate and detect sig-
nals that can be converted into an image or
into a spectrum. Hydrogen-1 is the most abun-
dant atom in human tissue and is responsi-
ble for the nuclear magnetic resonance (NMR)
signal used to generate a traditional MRI. A
key advantage of MRI is the number of image-
aquisition sequences that can be used to cre-
ate contrast within an image. The sensitivity
of MRI permits bone tumors and invasion of
bone marrow to be visualized. Using MRI soft-
tissue tumor extension and “skip areas” of bone
tumors can be readily detected. This is not
true for other modalities. With MRI one can
detect and distinguish residual tumor or recur-
rent tumor from nontumor-related abnormali-
ties. Nevertheless MRI has limitations including
low specificity: for example, infection, benign
tumors, and trauma have often the same appear-
ance as that of a malignant tumor. Nonetheless,
MRI provides precise anatomic detail and excel-
lent sensitivity for imaging bone marrow and
facilitates the staging of known or suspected pri-
mary bone cancers [25].

8.3.1.4  Positron Emission Tomography (PET)

PET provides quantitative images of radioactiv-
ity in three-dimensional space, and is a widely
used technique to trace images of physiologi-
cal processes. PET was developed in the early
1970s, soon after CT and at about the same
time as MRI. A major advantage of PET over
gamma camera or SPECT imaging is the number
of clinically useful short-lived positron-emitting
radionuclides (e.g., fluorine '¥F, carbon !'C,
nitrogen "°N, and oxygen '°0) that can be used
to label biologically relevant molecules such as
glucose, amino acids, receptor ligands, etc. PET
involves the emission of a positron from the
nucleus, subsequent annihilation with an elec-
tron, and conversion into two 512 keV photons
(gamma rays) emitted “180° apart. The simulta-
neous detection of these photons by the circular
detectors of the tomograph provides the spatial
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location of the positron emission, after recon-
struction and correction for scatter and signal
loss due to tissue attenuation. 8F, 1'C, *N, and
150 have been used extensively for PET imaging,
with 8F and ''C the most widely used radionu-
clides to label molecules of biological interest.

The radiopharmaceutical that has had a
major impact on clinical PET imaging is '8F
fluorodeoxyglucose (FDG), first synthesized in
the mid-1970s. FDG is an analog of glucose
that is transported across cell membranes and
phosphorylated by hexokinase similar to glu-
cose. Once phosphorylated, FDG-6-phosphate is
not metabolized further, but becomes trapped
inside the cell. The use of FDG to detect tumors
is based on the studies by Warburg in the 1930s
who showed that cancer cells have high rates
of glycolysis [109]. Several features have con-
tributed to the use of FDG in clinic. Unlike glu-
cose, FDG is filtered in the kidneys and cleared
from the circulation within 1 h after injection.
Hexokinase activity is usually the rate-limiting
step for both glucose and FDG utilization, and
the enzyme is highly expressed in many tumors.
The combination of high target tissue uptake
and rapid blood clearance makes possible high-
contrast images. In addition, the short 110-min
half-life of '8F permits FDG to be supplied from
a central production facility. As a result FDG has
found increasing use as an imaging agent [55, 96,
99, 110].

The application of PET in oncology began in
the 1980s and has increased substantially since
then [93]. ['*F]FDG-PET has been approved for
diagnosing, staging, and restaging many can-
cers, including breast, lung, colorectal, lym-
phoma, melanoma, head, neck, and esophageal
cancer. However, tumor cells are not the only
cells with a high uptake of ['®F]FDG. Brain
(grey matter) and non-fasting heart tissue have
very high endogenous rates of glycolysis and
correspondingly high rates of ["®F]FDG uptake.
Recently, Maschauer et al. [73] have shown that
endothelial cells in tumors and some vascular
lesions exhibit high ['®F]FDG uptake and that
["F]FDG uptake correlates with enhanced vas-
cular endothelial growth factor (VEGF) expres-
sion. In addition, lesions with a high concentra-
tion of inflammatory cells, such as neutrophils
and activated macrophages, also have increased

['®F]FDG uptake. This is important because
inflammation may be mistaken for malignancy
in patients with proven or suspected cancer [12].

The use of ¥ F-fluoride for bone scintigraphy
dates back to the early days of bone imaging
in the 1950s and early 1960s, but the produc-
tion of this isotope requires the presence of a
nearby cyclotron [100]. In 2000, as part of the
modernization of the Food and Drug Admin-
istration and the improved handling of new
drug applications, 'F-fluoride, '*N-ammonia,
and ['8F]FDG were approved for use in PET for
bone scintigraphy, cardiac perfusion, and oncol-
ogy/neurology. '°F bone scintigraphy has been
applied to bone scanning [58, 77], but '8F PET
bone imaging is more sensitive and has greater
specificity [97]. '8F PET bone scans are easy to
perform and readily adaptable to general clini-
cal imaging (Fig. 8.5) [11]. Similar to CT and MR
equipment, PET instrumentation has improved
dramatically over the past two decades. The
system resolution for patient imaging is now
4-5 mm, significantly greater than the 15-mm
resolution of the initial systems. Furthermore,
a multimodality approach to imaging patients
has developed recently. By combining CT scan-
ners with PET scanners, PET images are of bet-
ter quality and the combined devices provide
co-registration and shorter imaging times (Fig.
8.6). The development of combined MRI/PET
scanners for clinical use is rapidly proceeding
and they are likely to become the norm in the
next 5 years.

8.3.2 The Applications of Imaging
Technologies in Mouse Models

Since the 1980’, mouse genetic modification
techniques have been used to develop new
mouse strains. Transgenic mice are now com-
monly used to study different diseases, includ-
ing cancer. However, no adequate animal model
exists for the study of cancers with bone involve-
ment (see Chapter 12 in this volume). The
most common method to develop an animal
model of osteosarcoma, one of the most stud-
ied bone cancers, is to inject cells orthotopically,
directly into bone, or by intravenous adminis-
tration [28, 27]. Models of bone metastasis have
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Figure 8.6.

Three-dimensional ['®F] fluoride bone scan PET/CT fused image. Fused images show rib and vertebral metastases. Electronic

pain control module and electrodes are also visualized on the CT. Figure adapted with permission of the Society of Nuclear Medicine from Bridges et

al. [11, Figure 3].

used other approaches [111], for example, injec-
tion of tumor cells into the left ventricle of the
heart [92]. However, this model does not fully
reflect the metastatic process, that is, tissue inva-
sion at the site of the primary tumor, tumor
cell entry into the lymphatics and vasculature,
localization in and exit from the bone vascula-
ture, followed by proliferation in a bone marrow
microenvironment where bone structure and
function have been modified. Bone metastasis
models that have been generated by the method-
ologies referred to above [92, 111] can be defined
as “end-stage” lesions with highly proliferating
cells and modifications of bone structure that
are secondary to tumor growth. Bone lesions
resulting from these methods can be identified
by X-ray radiography and random histopathol-
ogy [121], but the techniques are insufficiently
sensitive, with the result that the actual num-
ber of bone metastases is likely to be under-
estimated. Radiography detects severe lesions
and does not reveal bone metastases. Moreover
radiography will not detect bone metastases that
fail to induce severe bone lysis or induce for-
mation of a mineralized matrix. For this rea-
son it has been necessary to apply other imaging

modalities in patient care. Recently these modal-
ities have also been utilized in mouse models for
the study of tumor cell growth in bone.

The application of the most widely used
molecular imaging modalities to study bone
cancers in mouse models will now be reviewed.
These include optical (fluorescence, biolumi-
nescence) imaging, and the methods gener-
ally used in patient care, that is, PET, SPECT
and CT.

8.3.2.1 Bioluminescence and Fluorescence Imaging
in the Detection of Bone Metastasis Coupled with
Other Imaging Techniques

The application of the two most widely used
reporter systems — Firefly luciferase (FLuc) and
green fluorescence protein (GFP) - dramati-
cally improved the imaging of bone metastases
with currently available optical instrumentation.
Once reporter gene(s) have been introduced into
cells and cells bearing the reporter system have
been selected, it becomes possible to track the
cancer cells that stably express reporter sys-
tems. This is more sensitive and faster than the
traditional histopathological or immunohisto-
chemical procedures. In particular, GFP labeling
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has significantly improved the ability to visu-
alize metastases in fresh soft-tissue organs and
bone. For example, injection of BI16F0-GFP
mouse melanoma cells into the vein or por-
tal vein of 6-week-old C57BL/6 and nude mice
led to metastatic lesions in the brain, liver, and
bone. This was revealed by whole-body opti-
cal imaging, performed with either a trans-
illuminated epifluorescence microscope or by
a fluorescence light box and a thermoelectri-
cally cooled charge-coupled device camera. The
depth to which metastasis and micrometas-
tasis are imaged depends on their size. A
60-pm diameter tumor can be detected at a
depth of only 0.5 mm, whereas a 1,800-pum
tumor can be visualized at 2.2-mm depth [9,
120]. More detailed work has utilized the same
approach [86] on a different cell line (MDA-
MB-435, human breast cancer cells) that also
expressed GFP.

Research has focused on several metastatic
events. At the site of metastases, tumor cell
arrival, localization, and initial colonization
have been studied following the injection of
MDA-MB-435 cells into the cardiac left ven-
tricle of athymic mice. Femurs were analyzed
by fluorescence microscopy, immunohistochem-
istry, real-time PCR, flow cytometry, and his-
tomorphometry at periods ranging from 1 h
to 6 weeks after intracardiac injection. Single
cells were found in distal metaphyses at 1 h
post-injection and remained as single cells up
to 72 h. Diaphyseal arrest occurred rarely and
few cells remained after 24 h. At 1 week, numer-
ous foci (2-10 cells) were observed, mostly adja-
cent to osteoblast-like cells. By 2 weeks, fewer
but larger foci (>50 cells) were seen. Most bones
had a single large mass at 4 weeks (originat-
ing from a colony or coalescing foci) which
extended into the diaphysis by 4-6 weeks. Lit-
tle change (<20%) in osteoblast or osteoclast
numbers was observed at 2 weeks; but, at 4-
6 weeks osteoblasts were dramatically reduced
(8% of control), while osteoclasts were reduced
only modestly (to "60% of control). With the aid
of this GFP model of how breast cancer metas-
tasizes to bone, it became possible to try to
identify key tumor cell-bone-cell interactions
and when they occurred during bone metastasis
(Fig. 8.7).

BLI has been used mainly to detect primary
xenografts growth and metastasis in animal
models [21, 20, 30]. The MDA-MB-231 breast
cancer cell line is widely studied because it
can form metastases after intracardiac injection.
With the aid of firefly luciferase-expressing sub-
clones, D3H1 and D3H2LN, MDA-MB-231 cells
have been shown to produce multiple metas-
tases at high frequencies in tissues that mimic
the human disease, such as bone and brain.
These subclones also produce lymph node and
lung metastases. Jenkins et al. [65] have demon-
strated that luciferase expression is stable even
after multiple rounds of in vivo growth or con-
tinuous culture. In another study, the increased
sensitivity due to BLI coupled with fluores-
cence microscopy allowed characterizing the
metastatic activity of individual single-cell pro-
genies (SCPs) by evaluating their tissue tropism
and growth kinetics (78, Fig. 8.8). Some SCPs
were found to metastasize to bone, while oth-
ers metastasized better to lung, and a minor-
ity was also able to colonize and grow within
the adrenal gland. This organ-specific metastatic
pattern resembles the typical distribution of
breast cancer metastases observed in patients
[78]. Transcriptomic profiling revealed that the
more metastatic of these different SCPs express
a previously described “poor-prognosis” gene
expression signature [67].

Conventional imaging techniques, including
X-rays, MRI, SPECT, or PET, in mouse mod-
els are limited with respect to imaging tumor
growth in bone. Radiography is not sufficiently
sensitive to detect early bone metastases. Micro-
computerized tomography is much more sensi-
tive, but is not widely available. Except in small
studies, serial sectioning (required to locate rare
single cells) becomes time- and cost-prohibitive.
As a result, experiments have been largely lim-
ited to the study of late events in metastatic
bone disease, such as osteolysis, but earlier
events such as arrival, lodging, colonization, and
intraosseous trafficking of tumor cells have not
been adequately studied.

Progress has been made in the use of high-
resolution microCT to image and quantify mor-
phometric and structural changes in bone.
There is advantage to combining microCT and
in vivo BLI in experimental murine models to
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Figure8.7. The kinetics of MDA-435GFP metastatic growth in the femur following intracardiacinjection. Whole femurs were dissected
and fluorescent foci were visualized in the intact bones using a fluorescence stereomicroscope. (A) Fluorescent foci were initially observed mainly in
the distal end of femurs (1 h after injection A1, T week A2, 2 weeks A3; and at 4 weeks, A4). (B) MDA-435GFP cells were detected by anti-GFP
immunohistochemistry (brown staining cells) in femurs at 1h (B1, single cell), at 1 week (B2, clusters of 2-3 cells), at 2 weeks (B3), and at 4 weeks
(B4). Figure adapted with permission from Phadke et al. [86].
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Figure 8.8.  Noninvasive bioluminescence imaging to monitor the development of osteolytic metastases from the same mouse.
(R-D) SCP2, a highly metastatic clone from MDA-MB-231, was transduced with the luciferase-containing TGL reporter gene and injected into the left
cardiac ventricle of an immunodeficient mouse. The bioluminescence signal was captured at the indicated times after xenografting. The intensity of
the signal, measured as photon flux, is shown as a color scale. Images for days 0, 1, and 8 are displayed on the same scale, while the day-35 image is
shown on a different scale, due to the exponential growth of the metastases. A metastasis to the right hindlimb is circled in red. (E) The growth kinetics
of the right hindlimb metastasis outlined by the red circle shown in B—D was quantified by measurement of photon flux. (F—H) A bioluminescence
image (F) and a skeletal X-ray image (G) were obtained on day 16 after xenografting. Images were superimposed (H) to demonstrate registration
of the bioluminescence signals with skeletal anatomy. Figure adapted from Minn et al. [78]. Copyright 2005 by the American Society for Clinical
Investigation. Reproduced with permission of the American Society for Clinical Investigation via Copyright Clearance Center [78].
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study the kinetics of intraosseous prostate can-
cer (CaP) growth and the appearance of bone
lesions [42]. To mimic osteolytic bone metas-
tasis, the left tibias of SCID mice were injected
with the human CaP cell line PC-3 expressing
luciferase (PC-3 Luc). Noninvasive monitoring
of tumor progression was followed by weekly
BLI for a period of 4 weeks. Bone morphomet-
ric parameters were quantified by microCT. BLI
monitoring in vivo revealed a PC-3 Luc tumor
as early as 7 days and exponential tumor growth
after 2 weeks, but a decrease of bone density
and bone content was established by microCT as
early as 7 days post-injection and reached signif-
icance at day 21 (30% and 25% loss, respectively,
compared with controls). Enhanced osteoclast
TRAP activity was observed during the first two
weeks. This highlights early interaction between
low proliferative PC-3 cells and osteoclasts when
the tumor becomes established in bone. Tumor
growth assessed by BLI was closely corre-
lated with osteolysis, as assessed by microCT
(p<0.05). These results show that microCT and
BLI can be successfully combined to evaluate
kinetics of intraosseous tumor growth and bone
destruction [42].

In a study of a metastatic melanoma model
[32], PET and BLI technology with CT were
combined to obtain fusion images that pro-
vide both molecular and anatomic information
on metastases subsequent to intracardiac injec-
tion of a melanoma cell line (A375M-3F) trans-
duced with a lentiviral vector that contained
a trimodal imaging reporter gene. The gene
was encoded with a fusion protein including
Renilla luciferase, monomeric red fluorescent
protein, and a mutant herpes simplex virus type
1 thymidine kinase. Co-registration of the PET
and CT images provided multimodal imaging
that confirmed the metastatic sites in the mouse
xenograft models (Fig. 8.9) [42].

Concerns have been expressed whether
increasing utilization of CT and SPECT and
repetitive X-ray exposure from CT and radionu-
clide imaging affect the cancer cells and the
metastatic process itself, that is, whether the
radiation exposure introduces an additional
variable into the experimental design [24]. A
histomorphometric study indicated that weekly
exposure to CT X-rays over a 5-week period
slightly increased the number of metastases,

specifically in the distal femur and proximal
tibia of nude mice. These findings suggest that
imaging modalities utilizing X-rays in animal
models can influence cancer metastasis and
should be used with caution and moderation.
The sensitivity of BLI is high, but specificity,
spatial accuracy, and predictive value have been
shown to vary and depend on the location
of the metastases. Even though BLI assess-
ment of total body and bone metastases is
not as sensitive or as rigorous as whole-body
histomorphometry, it is more rapid and cost-
effective. MicroSPECT/CT imaging in nude
mice using *™Tc-labeled diphosphonate has
been disappointing and cannot identify bone
metastases in the MDA-MB-435 breast cancer
cell line [24].

['8F] fluoride ion bone scans in mice have
been used to monitor benign and malignant
changes in the mouse skeleton by microPET [5].
These studies showed that traumatic changes in
the murine skeleton were easily detected by this
technique. Malignant bone tumors induced by
the injection of prostate cancer cells into the
tibia were detected by X-ray and histology and
compared to the images obtained by ['*F] fluo-
ride PET. Osteoblastic behavior of LAPC-9 tibial
tumors, indicating very high bone turnover, was
readily demonstrated by the high uptake of ['*F]
fluoride on microPET scans, with osteoblastic
lesions "2 mm diameter clearly visible. How-
ever, the trauma associated with the injection
procedure has called into question the speci-
ficity of microPET images of tumor induction.
Osteolytic tumors sometimes showed high bone
turnover at the lesion edges, but in most cases
presented as ['®F] fluoride “cold spot” in the
functional scans and were therefore more diffi-
cult to detect with microPET. This work provides
a foundation for quantitative, high-resolution
functional bone imaging in mice [5].

MRI, because of its high resolution and ability
to produce tomographic images of entire organ
systems with exquisite soft-tissue contrast with-
out the use of ionizing radiation is commonly
employed to track tumor size, location, and
metastatic burden [113]. MRI contrast agents,
such as superparamagnetic iron oxide (SPIO)
nanoparticles and micron-sized iron oxide par-
ticles (MPIO) [54], have been used to tag and
detect cell populations in animals and humans.
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Figure8.9. The value of CT in ['®F]-FHBG PET images of metastasis. () Thirty-five days after intraventricular injection of 1.5 x 10° A375M-

3F melanoma cells in nude mouse, ["*FIFHBG PET/CT allows precise anatomic localization of metastasis to the interscapular fat (a), right eye (b), right
humeral head (c), and left mandibula (d) as shown by green arrows. Lack of anatomic landmarks on PET alone is illustrated by white arrows. (B) BLI
shows same lesions as seen on ["8F]FHBG PET/CT, but does not provide information on depth of the lesion. Figure adapted with permission of the

Society of Nuclear Medicine from Deroose et al. [32, Figure 6].

A multimodality approach, for example, a com-
bination of MRI and BLI, has been used to assess
bone precursor cell (BPC) biology in living
animals. Combined imaging technologies have
been used for noninvasive monitoring of BPCs
within the marrow space of murine long
bones [75]. 7F2 cells and preosteoblast MC3T3-
E1#4 cells (committed BPCs) were labeled with

MPIOs and imaged inside the bone marrow
cavity of living mice. Because these cells were
stably transduced with a triple-fusion imaging
reporter [89] using a retrovirus, it was possi-
ble to monitor dual MPIO-reporter gene labeled
by sequential MRI-BLI imaging which tracked
the time course of organ distribution and gene
expression [5]. This multimodal approach may
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have advantages, especially for the tracking of
breast cancer cells in mouse models of brain
and/or bone metastasis. Up to now these were
detected only by magnetic resonance MPIO
imaging (MRI) [53].

8.4 Issues for the Future

Noninvasive reporter gene imaging is an excit-
ing, indirect imaging strategy that can be fully
exploited in experimental and transgenic ani-
mals. Direct imaging probes have advantages
and will continue to be developed and to make
significant contributions to molecular imaging.
Direct imaging probes have the major advantage
that they do not require the transduction of tar-
get tissue by a reporter gene-bearing vector.

Two areas in bone cancer research require
future development: (1) appropriate animal
models, and (2) multimodality imaging strate-
gies. The development of appropriate animal
models that allow investigation of the early
stages of the bone metastatic process is crit-
ical. Investigators are seeking better identifi-
cation and characterization of the cancer cell
“niche” within bone (see Chapter 1 in this vol-
ume). The factors that maintain cancer cell dor-
mancy within the bone microenvironment are
also critical, as are the factors that initiate tran-
sition from cancer cell dormancy to lesion pro-
liferation leading to tumor growth and disease
progression in bone.

To achieve these objectives, multimodality
imaging strategies, ranging from in vivo non-
invasive macroscopic imaging to in situ min-
imally invasive (optimal window) microscopic
imaging can provide the appropriate tools. The
transition from macroscopic to microscopic
imaging is likely to be crucial. Macroscopic
imaging of small cell clusters in bone and bone
marrow is a challenge, even in small rodent
animal models. Constitutive and inducible
reporter-gene imaging for tracking and mon-
itoring signaling-pathway activity, respectively,
can provide unique information in single ani-
mals followed serially over time. Biolumines-
cence imaging with luciferase-transduced tumor
(tumor-stem) cells is limited to “10-100 cells,

whereas high-resolution in situ fluorescence
imaging can detect individual cells, but requires
special optical windows and provides only a
small field of view. Nonetheless, the combi-
nation of new animal models and reporter-
transduced cancer (cancer-stem) cell lines with
a multimodality approach to imaging macro-
scopic and microscopic disease will provide the
best approach to the study of bone metastases in
the near future.

References

1. Alauddin MM, Conti PS (1998) Synthesis and
preliminary  evaluation of  9-(4-[18f]-fluoro-3-
hydroxymethylbutyl)guanine ([18f]Fhbg): A new
potential imaging agent for viral infection and gene
therapy using pet. Nucl Med Biol 25:175-180

2. Altmann A, Kissel M, Zitzmann S, Kubler W, Mahmut
M, Peschke P, Haberkorn U (2003) Increased MIBG
uptake after transfer of the human norepinephrine
transporter gene in rat hepatoma. ] Nucl Med 44:973-
980

3. Artemov D, MoriN, Ravi R, Bhujwalla ZM (2003) Mag-
netic resonance molecular imaging of the Her-2/neu
receptor. Cancer Res 63:2723-2727

4. Bauer W, Briner U, Doepfner W, Haller R, Huguenin
R, Marbach P, Petcher TJ, Pless (1982) Sms 201-995:
A very potent and selective octapeptide analogue of
somatostatin with prolonged action. Life Sci 31:1133-
1140

5. Berger F, Lee YP, Loening AM, Chatziioannou A,
Freedland SJ, Leahy R, Lieberman JR, Belldegrun AS,
Sawyers CL, Gambhir SS (2002) Whole-body skeletal
imaging in mice utilizing micropet: Optimization of
reproducibility and applications in animal models of
bone disease. Eur ] Nucl Med Mol Imaging 29:1225-
1236

6. Blasberg RG, Gelovani J (2002) Molecular-genetic
imaging: A nuclear medicine-based perspective. Mol
Imaging 1:280-300

7. Blend MJ, Stastny JJ, Swanson SM, Brechbiel MW
(2003) Labeling Anti-Her2/Neu monoclonal antibod-
ies with 111in and 90y using a bifunctional Dtpa
chelating agent. Cancer Biother Radiopharm 18:
355-363

8. Boland A, Ricard M, Opolon P, Bidart JM, Yeh P, Filetti
S, Schlumberger M, Perricaudet M (2000) Adenovirus-
mediated transfer of the thyroid sodium/iodide sym-
porter gene into tumors for a targeted radiotherapy.
Cancer Res 60:3484-3492

9. Bouvet M, Wang J, Nardin SR, Nassirpour R, Yang M,
Baranov E, Jiang P, Moossa AR, Hoffman RM (2002)
Real-time optical imaging of primary tumor growth



136

Bone and Cancer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

and multiple metastatic events in a pancreatic cancer
orthotopic model. Cancer Res 62:1534-1540

Brazeau P, Vale W, Burgus R, Ling N, Butcher M, Riv-
ier J, Guillemin R (1973) Hypothalamic polypeptide
that inhibits the secretion of immunoreactive pituitary
growth hormone. Science 179:77-79

Bridges RL, Wiley CR, Christian JC, Strohm AP
(2007) An introduction to Na(18)F bone scintigra-
phy: basic principles, advanced imaging concepts, and
case examples. ] Nucl Med Technol 35(2):64-76; Quiz
78-69

Brown RS, Leung JY, Fisher SJ, Frey KA, Ethier SP,
Wahl RL (1996) Intratumoral distribution of tritiated-
FDG in breast carcinoma: Correlation between glut-
1 expression and FDG uptake. J Nucl Med 37:
1042-1047

Bunzow JR, Van Tol HH, Grandy DK, Albert P, Salon
], Christie M, Machida CA, Neve KA, Civelli O (1988)
Cloning and expression of a rat D2 dopamine receptor
cDNA. Nature 336:783-787

Buursma AR, Beerens AM, De Vries EF, Van Waarde A,
Rots MG, Hospers GA, Vaalburg W, Haisma HJ (2005)
The human norepinephrine transporter in combi-
nation with 11c-m-hydroxyephedrine as a reporter
gene/reporter probe for PET of gene therapy. ] Nucl
Med 46:2068-2075

Campbell RE, Tour O, Palmer AE, Steinbach PA, Baird
GS, Zacharias DA, Tsien RY (2002) A monomeric red
fluorescent protein. Proc Natl Acad Sci USA 99:7877-
7882

Che J, Doubrovin M, Serganova I, Ageyeva L, Zan-
zonico P, Blasberg R (2005) hNIS-IRES-eGFP dual
reporter gene imaging. Mol Imaging 4:128-136
Chudakov DM, Lukyanov S, Lukyanov KA (2005) Flu-
orescent proteins as a toolkit for in vivo imaging.
Trends Biotechnol 23:605-613

Chudakov DM, Verkhusha VV, Staroverov DB,
Souslova EA, Lukyanov S, Lukyanov KA (2004)
Photoswitchable cyan fluorescent protein for protein
tracking. Nat Biotechnol 22:1435-1439

Coleman RE (2001) Metastatic bone disease: clinical
features, pathophysiology and treatment strategies.
Cancer Treat Rev 27:165-176

Contag CH, Spilman SD, Contag PR, Oshiro M, Eames
B, Dennery P, Stevenson DK, Benaron DA (1997)
Visualizing gene expression in living mammals using
a bioluminescent reporter. Photochem Photobiol 66:
523-531

Contag PR, Olomu IN, Stevenson DK, Contag CH
(1998) Bioluminescent indicators in living mammals.
Nat Med 4:245-247

Cook GJ, Fogelman I (2000) The role of positron emis-
sion tomography in the management of bone metas-
tases. Cancer 88:2927-2933

Cook GJ, Houston S, Rubens R, Maisey MN, Fogel-
man I (1998) Detection of bone metastases in breast
cancer by 18FDG Pet: Differing metabolic activity
in osteoblastic and osteolytic lesions. J Clin Oncol
16:3375-3379

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cowey S, Szafran AA, Kappes J, Zinn KR, Siegal GP,
Desmond RA, Kim H, Evans L, Hardy RW (2007)
Breast cancer metastasis to bone: evaluation of biolu-
minescent imaging and MicroSPECT/CT for detecting
bone metastasis in immunodeficient mice. Clin Exp
Metastasis 24:389-401

Cummings JE, Ellzey JA, Heck RK (2007) Imaging of
bone sarcomas. ] Natl Compr Canc Netw 5:438-447
Dai G, Levy O, Carrasco N (1996) Cloning and char-
acterization of the thyroid iodide transporter. Nature
379:458-460

Dass CR, Ek ET, Choong PF (2007) Human xenograft
osteosarcoma models with spontaneous metastasis in
mice: Clinical relevance and applicability for drug test-
ing. J Cancer Res Clin Oncol 133:193-198

Dass CR, Ek ET, Contreras KG, Choong PF (2006) A
novel orthotopic murine model provides insights into
cellular and molecular characteristics contributing to
human osteosarcoma. Clin Exp Metastasis 23:367-380
De A, Gambhir SS (2005) Noninvasive imaging of
protein-protein interactions from live cells and liv-
ing subjects using bioluminescence resonance energy
transfer. Faseb ] 19:2017-2019

De Wet JR, Wood KV, Deluca M, Helinski DR, Sub-
ramani S (1987) Firefly luciferase gene: structure
and expression in mammalian cells. Mol Cell Biol 7:
725-737

Dehdashti F, Mortimer JE, Siegel BA, Griffeth LK,
Bonasera TJ, Fusselman M], Detert DD, Cutler PD,
Katzenellenbogen JA, Welch MJ (1995) Positron tomo-
graphic assessment of estrogen receptors in breast
cancer: Comparison with FDG-PET and in vitro
receptor assays. ] Nucl Med 36:1766-1774

Deroose CM, De A, Loening AM, Chow PL, Ray P,
Chatziioannou AF, Gambhir SS (2007) Multimodality
imaging of tumor xenografts and metastases in mice
with combined small-animal PET, small-animal CT,
and bioluminescence imaging. ] Nucl Med 48(2):295-
303

Doubrovin M, Serganova I, Mayer-Kuckuk P, Pono-
marev V, Blasberg RG (2004) Multimodality in
vivo molecular-genetic imaging. Bioconjug Chem
15:1376-1388

Du Y, Cullum I, Illidge TM, Ell PJ (2007) Fusion
of metabolic function and morphology: Sequential
[18f]fluorodeoxyglucose positron-emission tomogra-
phy/computed tomography studies yield new insights
into the natural history of bone metastases in breast
cancer. ] Clin Oncol 25:3440-3447

Edeiken J, Karasick D (1987) Imaging in bone cancer.
CA Cancer J Clin 37:239-245

Edinger M, Cao YA, Hornig YS, Jenkins DE, Verneris
MR, Bachmann MH, Negrin RS, Contag CH (2002)
Advancing animal models of neoplasia through in vivo
bioluminescence imaging. Eur J Cancer 38:2128-2136
Eisenhofer G (2001) The role of neuronal and extra-
neuronal plasma membrane transporters in the inacti-
vation of peripheral catecholamines. Pharmacol Ther
91:35-62



Molecular Imaging of Cancer Cells Growing in Bone

137

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Eisenwiener KP, Prata MI, Buschmann I, Zhang HW,
Santos AC, Wenger S, Reubi JC, Macke HR (2002)
Nodagatoc, a new chelator-coupled somatostatin ana-
logue labeled with [67/68 Ga] and [111in] for SPECT,
PET, and targeted therapeutic applications of somato-
statin receptor (Hsst2) expressing tumors. Bioconjug
Chem 13:530-541

Eskandari S, Loo DD, Dai G, Levy O, Wright EM,
Carrasco N (1997) Thyroid Na+/I- symporter. Mech-
anism, stoichiometry, and specificity. J Biol Chem
272:27230-27238

Falk MM, Lauf U (2001) High resolution, fluorescence
deconvolution microscopy and tagging with the aut-
ofluorescent tracers CFP, GFP, and YFP to study the
structural composition of gap junctions in living cells.
Microsc Res Tech 52:251-262

Forss-Petter S, Danielson PE, Catsicas S, Battenberg E,
Price J, Nerenberg M, Sutcliffe JG (1990) Transgenic
mice expressing beta-galactosidase in mature neurons
under neuron-specific enolase promoter control. Neu-
ron 5:187-197

Fritz V, Louis-Plence P, Apparailly F, Noel D, Voide
R, Pillon A, Nicolas JC, Muller R, Jorgensen C (2007)
Micro-CT combined with bioluminescence imaging: A
dynamic approach to detect early tumor-bone inter-
action in a tumor osteolysis murine model. Bone
40:1032-1040

Funovics MA, Kapeller B, Hoeller C, Su HS, Kun-
stfeld R, Puig S, Macfelda K (2004) MR imaging
of the her2/neu and 9.2.27 tumor antigens using
immunospecific contrast agents. Magn Reson Imaging
22:843-850

Fyfe JA, Keller PM, Furman PA, Miller RL, Elion
GB (1978) Thymidine kinase from herpes sim-
plex virus phosphorylates the new antiviral com-
pound, 9-(2-hydroxyethoxymethyl)guanine. ] Biol
Chem 253:8721-8727

Gambhir SS, Barrio JR, Wu L, Iyer M, Namavari M,
Satyamurthy N, Bauer E, Parrish C, Maclaren DC,
Borghei AR, Green LA, Sharfstein S, Berk AJ, Cherry
SR, Phelps ME, Herschman HR (1998) Imaging of
adenoviral-directed herpes simplex virus type 1 thymi-
dine kinase reporter gene expression in mice with radi-
olabeled ganciclovir. ] Nucl Med 39:2003-2011
Gambhir SS, Bauer E, Black ME, Liang Q, Koko-
ris MS, Barrio JR, Iyer M, Namavari M, Phelps
ME, Herschman HR (2000) A mutant herpes sim-
plex virus type 1 thymidine kinase reporter gene
shows improved sensitivity for imaging reporter gene
expression with positron emission tomography. Proc
Natl Acad Sci USA 97:2785-2790

Gillies RJ, Morse DL (2005) In vivo magnetic reso-
nance spectroscopy in cancer. Annu Rev Biomed Eng
7:287-326

Gurskaya NG, Fradkov AF, Terskikh A, Matz MV,
Labas YA, Martynov VI, Yanushevich YG, Lukyanov
KA, Lukyanov SA (2001) GFP-like chromoproteins
as a source of far-red fluorescent proteins. Febs Lett
507:16-20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Haberkorn U, Henze M, Altmann A, Jiang S, Morr I,
Mahmut M, Peschke P, Kubler W, Debus J, Eisenhut
M (2001) Transfer of the human Nal symporter gene
enhances iodide uptake in hepatoma cells. ] Nucl Med
42:317-325

Hadjantonakis AK, Nagy A (2001) The color of mice:
in the light of GFP-variant reporters. Histochem Cell
Biol 115:49-58

Hardy JEM, Bachmann MH, Negrin RS, Fathman
CG, Contag CH (2001) Bioluminescence imaging of
lymphocyte trafficking in vivo. Exp Hematol 29:
1353-1360

Haubner R, Wester HJ, Weber WA, Mang C, Ziegler
SI, Goodman SL, Senekowitsch-Schmidtke R, Kessler
H, Schwaiger M (2001) Noninvasive imaging of
alpha(v)beta3 integrin expression using 18f-labeled
RGD-containing glycopeptide and positron emission
tomography. Cancer Res 61:1781-1785

Heyn C, Ronald JA, Mackenzie LT, Macdonald IC,
Chambers AF, Rutt BK, Foster PJ (2006) In vivo mag-
netic resonance imaging of single cells in mouse brain
with optical validation. Magn Reson Med 55:23-29
Hinds KA, Hill JM, Shapiro EM, Laukkanen MO, Silva
AC, Combs CA, Varney TR, Balaban RS, Koretsky AP,
Dunbar CE (2003) Highly efficient endosomal labeling
of progenitor and stem cells with large magnetic parti-
cles allows magnetic resonance imaging of single cells.
Blood 102:867-872

Hoekstra CJ, Stroobants SG, Hoekstra OS,
Vansteenkiste ], Biesma B, Schramel FJ, Van Zandwijk
N, Van Tinteren H, Smit EF (2003) The value of
[18f]fluoro-2-deoxy-D-glucose  positron emission
tomography in the selection of patients with stage
IIIA-N2 non-small cell lung cancer for combined
modality treatment. Lung Cancer 39:151-157
Hoffman RM (2005a) Advantages of multi-color fluo-
rescent proteins for whole-body and in vivo cellular
imaging. ] Biomed Opt 10:41202

Hoffman RM (2005b) The multiple uses of fluorescent
proteins to visualize cancer in vivo. Nat Rev Cancer
5:796-806

Hoh CK, Hawkins RA, Dahlbom M, Glaspy JA, Seeger
LL, Choi Y, Schiepers CW, Huang SC, Satyamurthy
N, Barrio JR, et al. (1993) Whole body skeletal imag-
ing with [18f]fluoride ion and PET. ] Comput Assist
Tomogr 17:34-41

Ichikawa T, Hogemann D, Saeki Y, Tyminski E, Terada
K, Weissleder R, Chiocca EA, Basilion JP (2002) MRI of
transgene expression: Correlation to therapeutic gene
expression. Neoplasia 4:523-530

Ito S, Kato K, Ikeda M, Iwano S, Makino N, Tadokoro
M, Abe S, Nakano S, Nishino M, Ishigaki T, Naganawa
S (2007) Comparison of 18F-FDG PET and bone
scintigraphy in detection of bone metastases of thy-
roid cancer. ] Nucl Med 48:889-895

Iyer M, Barrio JR, Namavari M, Bauer E, Satyamurthy
N, Nguyen K, Toyokuni T, Phelps ME, Herschman
HR, Gambhir SS (2001) 8-[18f]Fluoropenciclovir: An
improved reporter probe for imaging Hsv1-tk reporter



138

Bone and Cancer

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

gene expression in vivo using PET. J Nucl Med 42:
96-105

Jacobs A, Voges ], Reszka R, Lercher M, Gossmann
A, Kracht L, Kaestle C, Wagner R, Wienhard K, Heiss
WD (2001) Positron-emission tomography of vector-
mediated gene expression in gene therapy for gliomas.
Lancet 358:727-729

Jacobson AF, Shapiro CL, Van Den Abbeele AD,
Kaplan WD (2001) Prognostic significance of the
number of bone scan abnormalities at the time of ini-
tial bone metastatic recurrence in breast carcinoma.
Cancer 91:17-24

Jaffer FA, Tung CH, Gerszten RE, Weissleder R (2002)
In vivo imaging of thrombin activity in experimen-
tal thrombi with thrombin-sensitive near-infrared
molecular probe. Arterioscler Thromb Vasc Biol
22:1929-1935

Jenkins DE, Hornig YS, Oei Y, Dusich J, Purchio T
(2005) Bioluminescent human breast cancer cell lines
that permit rapid and sensitive in vivo detection of
mammary tumors and multiple metastases in immune
deficient mice. Breast Cancer Res 7:R444-454

Kang Y, He W, Tulley S, Gupta GP, Serganova I,
Chen CR, Manova-Todorova K, Blasberg R, Gerald
WL, Massague J (2005) Breast cancer bone metasta-
sis mediated by the Smad tumor suppressor pathway.
Proc Natl Acad Sci USA 102:13909-13914

Kang Y, Siegel PM, Shu W, Drobnjak M, Kakonen
SM, Cordon-Cardo C, Guise TA, Massague ] (2003) A
multigenic program mediating breast cancer metasta-
sis to bone. Cancer Cell 3:537-549

Krulich L, Dhariwal AP, Mccann SM (1968) Stimula-
tory and inhibitory effects of purified hypothalamic
extracts on growth hormone release from rat pituitary
in vitro. Endocrinology 83:783-790

Labas YA, Gurskaya NG, Yanushevich YG, Fradkov AF,
Lukyanov KA, Lukyanov SA, Matz MV (2002) Diver-
sity and evolution of the green fluorescent protein
family. Proc Natl Acad Sci USA 99:4256-4261

Langer O, Dolle F, Valette H, Halldin C, Vaufrey
F, Fuseau C, Coulon C, Ottaviani M, Nagren
K, Bottlaender M, Maziere B, Crouzel C (2001)
Synthesis of high-specific-radioactivity 4- and
6-[18f]fluorometaraminol-PET tracers for the adren-
ergic nervous system of the heart. Bioorg Med Chem
9:677-694

Larson SM, Morris M, Gunther I, Beattie B, Humm
JL, Akhurst TA, Finn RD, Erdi Y, Pentlow K, Dyke
J, Squire O, Bornmann W, Mccarthy T, Welch M,
Scher H (2004) Tumor localization of 16beta-18f-
fluoro-5alpha-dihydrotestosterone versus 18F-FDG in
patients with progressive, metastatic prostate cancer. J
Nucl Med 45:366-373

Louie AY, Huber MM, Ahrens ET, Rothbacher U, Moats
R, Jacobs RE, Fraser SE, Meade TJ (2000) In vivo visu-
alization of gene expression using magnetic resonance
imaging. Nat Biotechnol 18:321-325

Maschauer S, Prante O, Hoffmann M, Deichen JT,
Kuwert T (2004) Characterization of 18F-FDG uptake

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

in human endothelial cells in vitro. J Nucl Med 45:
455-460

Matz MV, Fradkov AF, Labas YA, Savitsky AP, Zaraisky
AG, Markelov ML, Lukyanov SA (1999) Fluorescent
proteins from nonbioluminescent Anthozoa species.
Nat Biotechnol 17:969-973

Mayer-Kuckuk P, Gade TP, Buchanan IM, Doubrovin
M, Ageyeva L, Bertino JR, Boskey AL, Blasberg RG,
Koutcher JA, Banerjee D (2005) High-resolution imag-
ing of bone precursor cells within the intact bone mar-
row cavity of living mice. Mol Ther 12:33-41

Menda Y, Kahn D (2002) Somatostatin receptor
imaging of non-small cell lung cancer with 99mtc
depreotide. Semin Nucl Med 32:92-96

Messa C, Goodman WG, Hoh CK, Choi Y, Nissenson
AR, Salusky IB, Phelps ME, Hawkins RA (1993) Bone
metabolic activity measured with positron emission
tomography and [18f]fluoride ion in renal osteodys-
trophy: Correlation with bone histomorphometry. J
Clin Endocrinol Metab 77:949-955

Minn AJ, Kang Y, Serganova I, Gupta GP, Giri DD,
Doubrovin M, Ponomarev V, Gerald WL, Blasberg R,
Massague J (2005) Distinct organ-specific metastatic
potential of individual breast cancer cells and primary
tumors. J Clin Invest 115:44-55

Moroz MA, Serganova I, Zanzonico P, Ageyeva
L, Beresten T, Dyomina E, Burnazi E, Finn RD,
Doubrovin M, Blasberg RG (2007) Imaging hNET
reporter gene expression with 124I-MIBG. ] Nucl Med
48:827-836

Mountford CE, Doran S, Lean CL, Russell P (2004) Pro-
ton MRS can determine the pathology of human can-
cers with a high level of accuracy. Chem Rev 104: 3677-
3704

Ntziachristos V, Tung CH, Bremer C, Weissleder R
(2002) Fluorescence molecular tomography resolves
protease activity in vivo. Nat Med 8:757-760
Overbeek PA, Chepelinsky AB, Khillan JS, Piatigorsky
J, Westphal H (1985) Lens-specific expression and
developmental regulation of the bacterial chloram-
phenicol acetyltransferase gene driven by the murine
alpha a-crystallin promoter in transgenic mice. Proc
Natl Acad Sci USA 82:7815-7819

Palm S, Enmon RM, Jr., Matei C, Kolbert KS, Xu
S, Zanzonico PB, Finn RL, Koutcher JA, Larson SM,
Sgouros G (2003) Pharmacokinetics and biodistribu-
tion of (86)Y-trastuzumab for (90)Y dosimetry in an
ovarian carcinoma model: Correlative micropet and
MRI. ] Nucl Med 44:1148-1155

Penuelas I, Haberkorn U, Yaghoubi S, Gambhir Ss
(2005a) Gene therapy imaging in patients for onco-
logical applications. Eur ] Nucl Med Mol Imaging
32:5384-5403

Penuelas I, Mazzolini G, Boan JE Sangro B, Marti-
Climent J, Ruiz M, Ruiz ], Satyamurthy N, Qian C,
Barrio JR, Phelps ME, Richter JA, Gambhir SS, Pri-
eto J (2005b) Positron emission tomography imaging
of adenoviral-mediated transgene expression in liver
cancer patients. Gastroenterology 128: 1787-1795



Molecular Imaging of Cancer Cells Growing in Bone

139

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Phadke PA, Mercer RR, Harms JF Jia Y, Frost AR,
Jewell JL, Bussard KM, Nelson S, Moore C, Kappes
JC, Gay CV, Mastro AM, Welch DR (2006) Kinetics of
metastatic breast cancer cell trafficking in bone. Clin
Cancer Res 12:1431-1440

Phan HT, Jager PL, Plukker JT, Wolffenbuttel BH, Dier-
ckx RA, Links TP (2007) Detection of bone metastases
in thyroid cancer patients: Bone scintigraphy or 18F-
FDG PET? Nucl Med Commun 28:597-602

Pichler A, Prior JL, Piwnica-Worms D (2004) Imag-
ing reversal of multidrug resistance in living mice
with bioluminescence: MDRI1 p-glycoprotein trans-
ports coelenterazine. Proc Natl Acad Sci USA 101:
1702-1707

Ponomarev V, Doubrovin M, Serganova I, Vider J,
Shavrin A, Beresten T, Ivanova A, Ageyeva L, Tourkova
V, Balatoni ], Bornmann W, Blasberg R, Gelovani
Tjuvajev ] (2004) A novel triple-modality reporter
gene for whole-body fluorescent, bioluminescent, and
nuclear noninvasive imaging. Eur J Nucl Med Mol
Imaging 31:740-751

Rehemtulla A, Stegman LD, Cardozo SJ, Gupta S, Hall
DE, Contag CH, Ross BD (2000) Rapid and quantita-
tive assessment of cancer treatment response using in
vivo bioluminescence imaging. Neoplasia 2:491-495
Reubi JC, Kvols L, Krenning E, Lamberts SW (1990)
Distribution of somatostatin receptors in normal and
tumor tissue. Metabolism 39:78-81

Reynolds CP, Sun BC, Declerck YA, Moats RA (2005)
Assessing growth and response to therapy in murine
tumor models. Methods Mol Med 111:335-350
Rohren EM, Turkington TG, Coleman RE (2004)
Clinical applications of PET in oncology. Radiology
231:305-332

Saito Y, Price RW, Rottenberg DA, Fox JJ, Su
TL, Watanabe KA, Philips FS (1982) Quantitative
autoradiographic mapping of herpes simplex virus
encephalitis with a radiolabeled antiviral drug. Sci-
ence 217:1151-1153

Satyamurthy N, Barrio JR, Bida GT, Huang
SC, Mazziotta JC, Phelps ME (1990) 3-(2'-
[18F]fluoroethyl)spiperone, a potent dopamine

antagonist: synthesis, structural analysis and in-vivo
utilization in humans. Int ] Rad Appl Instrum [A]
41:113-129

Schelling M, Avril N, Nahrig J, Kuhn W, Romer W,
Sattler D, Werner M, Dose ], Janicke F, Graeff H,
Schwaiger M (2000) Positron emission tomography
using [(18)F]fluorodeoxyglucose for monitoring pri-
mary chemotherapy in breast cancer. J Clin Oncol
18:1689-1695

Schirrmeister H, Guhlmann A, Elsner K, Kotzerke J,
Glatting G, Rentschler M, Neumaier B, Trager H, Nus-
sle K, Reske SN (1999) Sensitivity in detecting osseous
lesions depends on anatomic localization: planar bone
scintigraphy versus 18f PET. ] Nucl Med 40:1623-1629
Seibert JA (2004) X-ray imaging physics for nuclear
medicine technologists. Part 1: Basic Principles of X-
ray production. ] Nucl Med Technol 32:139-147

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Shreve PD, Anzai Y, Wahl RL (1999) Pitfalls in onco-
logic diagnosis with FDG PET imaging: Physiologic
and benign variants. Radiographics 19:61-77; Quiz
150-151

Spencer R, Herbert R, Rish MW, Little WA (1967) Bone
scanning with 85-Sr, 87m-Sr And 18-F. Physical and
radiopharmaceutical considerations and clinical expe-
rience in 50 cases. Br ] Radiol 40:641-654

Tannous BA, Kim DE, Fernandez JL, Weissleder
R, Breakefield XO (2005) Codon-optimized Gaussia
luciferase cDNA for mammalian gene expression in
culture and in vivo. Mol Ther 11:435-443

Tjuvajev JG, Avril N, Oku T, Sasajima T, Miyagawa
T, Joshi R, Safer M, Beattie B, Diresta G, Daghighian
F, Augensen F, Koutcher ], Zweit ], Humm J, Larson
SM, Finn R, Blasberg R (1998) Imaging herpes virus
thymidine kinase gene transfer and expression by
positron emission tomography. Cancer Res 58:4333-
4341

Tjuvajev JG, Finn R, Watanabe K, Joshi R, Oku T,
Kennedy J, Beattie B, Koutcher J, Larson S, Blasberg
RG (1996) Noninvasive imaging of herpes virus thymi-
dine kinase gene transfer and expression: a potential
method for monitoring clinical gene therapy. Cancer
Res 56:4087-4095

Tjuvajev JG, Stockhammer G, Desai R, Uehara H,
Watanabe K, Gansbacher B, Blasberg RG (1995) Imag-
ing the expression of transfected genes in vivo. Cancer
Res 55:6126-6132

Van Den Abbeele AD, Badawi RD (2002) Use of
positron emission tomography in oncology and its
potential role to assess response to imatinib mesylate
therapy in gastrointestinal stromal tumors (GISTs).
Eur J Cancer 38 Suppl 5:560-65

Van Sande ], Massart C, Beauwens R, Schoutens A,
Costagliola S, Dumont JE, Wolff ] (2003) Anion selec-
tivity by the sodium iodide symporter. Endocrinology
144:247-252

Virk MS, Lieberman JR (2007) Tumor metastasis to
bone. Arthritis Res Ther 9 Suppl 1:55

Wafelman AR, Hoefnagel CA, Maes RA, Beijnen JH
(1994) Radioiodinated metaiodobenzylguanidine: A
review of its biodistribution and pharmacokinetics,
drug interactions, cytotoxicity and dosimetry. Eur J
Nucl Med 21:545-559

Warburg O (1956) On the origin of cancer cells. Sci-
ence 123:309-314

Weber WA, Petersen V, Schmidt B, Tyndale-Hines
L, Link T, Peschel C, Schwaiger M (2003) Positron
emission tomography in non-small-cell lung cancer:
prediction of response to chemotherapy by quanti-
tative assessment of glucose use. J Clin Oncol 21:
2651-2657

Weiss L, Ward PM, Harlos JP, Holmes JC (1984) Target
organ patterns of tumors in mice following the arte-
rial dissemination of B16 melanoma cells. Int J Cancer
33:825-830

Weissleder R (2002) Scaling down imaging: molecular
mapping of cancer in mice. Nat Rev Cancer 2:11-18



140

Bone and Cancer

113.

114.

115.

116.

117.

118.

119.

Weissleder R, Ntziachristos V (2003) Shedding light
onto live molecular targets. Nat Med 9:123-128
Weissleder R, Simonova M, Bogdanova A, Bredow
S, Enochs WS, Bogdanov A, Jr. (1997) MR imaging
and scintigraphy of gene expression through melanin
induction. Radiology 204:425-429

Wieland DM, Wu ], Brown LE, Mangner TJ], Swan-
son DP, Beierwaltes WH (1980) Radiolabeled adren-
ergi neuron-blocking agents: adrenomedullary imag-
ing with [131I]iodobenzylguanidine. ] Nucl Med 21:
349-353

Wu JC, Inubushi M, Sundaresan G, Schelbert HR,
Gambhir SS (2002) Optical imaging of cardiac reporter
gene expression in living rats. Circulation 105:
1631-1634

Yaghoubi S, Barrio JR, Dahlbom M, Iyer M, Namavari
M, Satyamurthy N, Goldman R, Herschman HR,
Phelps ME, Gambhir SS (2001) Human pharmacoki-
netic and dosimetry studies of [ (18)FJFHBG: A
reporter probe for imaging herpes simplex virus type-
1 thymidine kinase reporter gene expression. ] Nucl
Med 42:1225-1234

Yaghoubi SS, Barrio JR, Namavari M, Satyamurthy N,
Phelps ME, Herschman HR, Gambhir SS (2005) Imag-
ing progress of herpes simplex virus type 1 thymidine
kinase suicide gene therapy in living subjects with
positron emission tomography. Cancer Gene Ther
12:329-339

Yang M, Baranov E, Jiang P, Sun FX, Li XM, Li L,
Hasegawa S, Bouvet M, Al-Tuwaijri M, Chishima T,
Shimada H, Moossa AR, Penman S, Hoffman RM
(2000) Whole-body optical imaging of green fluores-
cent protein-expressing tumors and metastases. Proc
Natl Acad Sci USA 97:1206-1211

120.

121.

122.

123.

124.

125.

126.

127.

Yang M, Baranov E, Wang JW, Jiang P, Wang X, Sun FX,
Bouvet M, Moossa AR, Penman S, Hoffman RM (2002)
Direct external imaging of nascent cancer, tumor pro-
gression, angiogenesis, and metastasis on internal
organs in the fluorescent orthotopic model. Proc Natl
Acad Sci USA 99:3824-3829

Yin JJ, Selander K, Chirgwin JM, Dallas M, Grubbs BG,
Wieser R, Massague J, Mundy GR, Guise TA (1999)
TGF-beta signaling blockade inhibits PTHrP secretion
by breast cancer cells and bone metastases develop-
ment. J Clin Invest 103:197-206

Yuste R (2005) Fluorescence microscopy today. Nat
Methods 2:902-904

Zhang S, Ma C, Chalfie M (2004) Combinatorial mark-
ing of cells and organelles with reconstituted fluores-
cent proteins. Cell 119:137-144

Zhao H, Doyle TC, Wong R], Cao Y, Stevenson DK,
Piwnica-Worms D, Contag CH (2004) Characteriza-
tion of coelenterazine analogs for measurements of
renilla luciferase activity in live cells and living ani-
mals. Mol Imaging 3:43-54

Zhao Y, Sun L (2004) Perinatal cocaine exposure
reduces myocardial norepinephrine transporter func-
tion in the neonatal rat. Neurotoxicol Teratol 26:
443-450

Zinn KR, Buchsbaum DJ, Chaudhuri TR, Mountz JM,
Grizzle WE, Rogers BE (2000) Noninvasive monitor-
ing of gene transfer using a reporter receptor imaged
with a high-affinity peptide radiolabeled with 99mtc
or 188re. ] Nucl Med 41:887-895

Zinn KR, Chaudhuri TR (2002) The type 2 human
somatostatin receptor as a platform for reporter gene
imaging. Eur ] Nucl Med Mol Imaging 29:388-399



Inflammatory Cytokines and Their Role

in Bone Metastasis and Osteolysis
Larry J. Suva, Richard W. Nicholas, and Dana Gaddy

9.1 Introduction

Cancer can be promoted and/or exacerbated
by a number of infectious and inflammatory
processes [72]. Indeed, inflammation produces
a supportive tumor microenvironment that is
likely a vital component of the metastatic cas-
cade. The mechanisms that link inflammatory
responses with cancer development and metas-
tasis are the cytokines and chemokines that are
produced by activated innate immune cells or the
tumor cells themselves, stimulating and support-
ing tumor growth and progression. Some sol-
uble tumor-derived mediators can recruit and
activate local inflammatory cells, thereby further
stimulating tumor progression. This chapter pro-
vides an overview of the role of inflammatory
cytokines and chemokines in tumor progression
and osteolytic bone metastasis.

9.2 The Link Between
Inflammation and Cancer
Progression

Cancer is a disorder of exuberant cell prolifer-
ation. It involves a poorly understood sequence
of molecular events that include morphological
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and cellular transformation, dysregulation of
apoptosis, uncontrolled cellular proliferation,
invasion, angiogenesis, and metastasis [72], with
chronic infection, inflammation, and cancer
closely associated [3, 26, 79]. Inflammation was
first linked with cancer when it was shown clin-
ically that infiltration of innate immune cells
into malignant tissue was associated with poor
clinical outcome [26]. Subsequent population-
based studies demonstrated an increased can-
cer incidence in patients affected by chronic
inflammatory disorders such as pancreatitis,
Crohn’s disease, and ulcerative colitis [107,
117]. It has become abundantly clear that the
tumor microenvironment, which is predomi-
nantly managed by inflammatory cells, is an
indispensable participant in tumor develop-
ment [26, 28]. The host microenvironment facili-
tates and supports tumor proliferation, survival,
migration, and homing. In addition, it now
appears that tumor cells have co-opted many of
the signaling molecules of the innate immune
system, including selectins [58], chemokines,
and their receptors [22, 89], as well as the NFk-
B signaling pathway, which itself is activated by
many pro-inflammatory cytokines [21, 103]. It
is thus apparent that an inflammatory microen-
vironment supports tumor progression, inva-
sion of surrounding tissues, angiogenesis, and
metastasis [72].
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Metastasis, the spread of cancer cells from
primary tumor sites to distant organs and tis-
sues, accounts for over 90% of lethality in can-
cer patients [11], yet the underlying cellular and
molecular mechanisms of metastasis remain
poorly understood.

9.3 The Inflammatory Bone
Microenvironment in Cancer
Progression

Bone is a common site for metastasis. These
bone metastases are frequently associated with
intractable pain, pathological fractures, nerve
compression, and hypercalcemia due to osteol-
ysis [88]. In addition, for skeletal tumors such
as multiple myeloma or the bone metastases of
breast and prostate cancer, the associated exten-
sive bone destruction often denotes a dramatic
worsening in the prognosis for the patient [17].
Much of the work on metastasis to bone has
focused on the respective roles of tumor cells,
osteoblasts and osteoclasts. Furthermore, the
bone metastasis microenvironment involves the
presence and activity of many cell types in addi-
tion to those normally resident in bone tissue.
Metastasis is a non-random process [45].
Some tumors prefer specific organs to which to
metastasize. Other tumors are less selective. Site
selectivity depends on tumor cells being able to
carry out all the steps of the metastatic cascade
[34, 35]. Even though anatomical and mechani-
cal factors such as blood flow affect the sites of
tumor metastasis, it is ultimately the microenvi-
ronmental factors that determine the preferred
metastatic site(s) and promote tumor prolifera-
tion. This is accomplished by manipulating the
host microenvironment by processes such as
the secretion of systemic factors from the pri-
mary tumor site [56], by inducing tumor cells to
adhere to distant endothelial cells by extravasa-
tion into the target tissue, and by colonizing the
target to bring about growth of the lesion [11].
The microenvironment surrounding tumor
plays a critical role, at least equal to that
of tumor cells themselves, in the progression
of cancer [26, 77]. This role also extends to
the extracellular matrix. The microenvironment

consists of stromal fibroblasts, components of
the vasculature, normal epithelia, extracellular
matrix, and inflammatory cells, and interacts
with tumor cells through the release of growth
factors, cytokines, proteases, and other bioac-
tive molecules. Tumors often arise at sites of
injury or infection where immune cells congre-
gate, secrete growth factors to promote heal-
ing, and cause reconstruction of the extracellu-
lar matrix [104, 72].

The cellular milieu of the inflammatory
tumor microenvironment consists of resident
and recruited macrophages [69], dendritic cells
(DCs), T cells, natural killer (NK) cells [72]
(Fig. 9.1), and leukocytes that are prominent in
primary and metastatic tumors [8]. Infiltrated
immune cells can exert paradoxical effects dur-
ing cancer progression and may even regulate
bone remodeling [36]. Yet, the means by which
host immune cells contribute to the microen-
vironment of osteolytic bone metastases has
received little attention. The more recent and
welcome use of immune-replete animal models
may fill this obvious void.

9.4 Mediators of the
Inflammatory Response

When immune cells and developing tumor cells
localize to a common microenvironment, the
tumor may be abolished as a result of immuno-
surveillance or it may survive and progress.
Inflammatory cells in the tumor-host microen-
vironment, such as lymphocytes, mast cells, neu-
trophils, and macrophages, secrete cytokines,
growth factors, and chemokines that affect sur-
vival (Fig. 9.1). It was endogenous cytokines that
were thought to modulate host responses [72],
particularly of inflammatory cytokines that sup-
port or retard tumor progression [4, 72].

This chapter focuses on the role of a
select group of cytokines produced by cells
within the microenvironment of bone metas-
tases on tumor progression within bone. These
are tumor necrosis factor-a (TNF-a), inter-
leukins (IL)-6, IL-8, IL-10 (inhibitory), IL-12, IL-
23, CXCL12/CXCR4, and transforming growth
factor-p (TGF-B) (Fig. 9.2). Each cytokine was
chosen because it has a specific function in
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Tumor progression
TNF-a, IL6, enhance tumor growth

TGF-p, CXCL12/CXCR4 promotes metastasis
TNF-a, IL6, IL8 drive osteolysis

IL-23 enhances Th17 cell development

The potential interactions between tumor cells and infiltrating inflammatory and/or immune cells in the tumor microenvironment.

(ytokines secreted by tumor or inflammatory/immune cells either promote tumor development and survival or exert potent anti-tumor effects. The
chemokine CXCL12 and its cognate receptor CXCR4 support metastasis and tumor progression. Substantial inflammation develops through the action
of various inflammatory mediators, including TNF-c, IL-6, IL-8, and IL-23, leading to loss of anti-tumor immunity, bone resorption, and substantial
tumor progression. However, IL-10, through anti-inflammatory effects, and IL-12, through production of IFN-y and activation of T and NK cells, lead
to tumor suppression. The multiple actions of TGF-B (tumor-derived and from bone resorption) and IL-23 (via activation of IL-17) explain their dual

roles in tumor development and progression of bone metastases.

modifying the bone microenvironment and thus
altering tumor progression. For additional infor-
mation regarding the roles of other cytokines
in tumor progression, the reader is directed
to some of the many reviews of inflammatory
cytokine action [4, 22, 36, 72].

9.5 TNF-«

The critical role of TNF-a in chronic inflam-
matory diseases is well established [72] and its
role as an anticancer cytokine has been known
for the past two decades [2]. However, TNF-a

also can stimulate tumor progression by medi-
ating the proliferation, invasion, and metastasis
of tumor cells [1].

TNF-a, produced by a wide variety of tumor
and inflammatory cells, supports tumor cell pro-
gression and survival via the induction of NF-
kB-dependent signaling pathways. These in turn
cause induction of anti-apoptotic molecules [76]
and activation of osteoclastogenesis [59]. Some
genetic polymorphisms that result in increased
TNF-a production have been associated with
an increased risk of multiple myeloma [5,
54], breast cancer [40], bladder cancer [80],
and correlate with poor prognosis in other



144 Bone and Cancer
(c)
\\J'L.JLE
NK cell @ :\ ® ':\' Macrophage
-
(a) Access
(b) top}he bone
Resorption il
T-cell DC
(c)
Figure9.2.  The tumor microenvironment includes interactions between tumor cells, infiltrating inflammatory and/or immune cells; natural killer

(NK) cells, macrophages, T-cells, dendritic cells (DCs) and cells resident in bone (osteoclasts, osteoblasts, lining cells, and osteocytes). Cytokines secreted
by tumor cells drive tumor development and survival by activating bone cell motility; allowing access of tumor products (and perhaps tumor cells)
to the bone surface (a) and/or directly activating osteoclast differentiation and activity (b). In addition, the tumor-derived cytokines also stimulate
responses in the resident inflammatory/immune cells in the tumor microenvironment (c). These interactions can then modify tumor cell function
and/or contribute to the activation of resident bone cells. In sum, tumor cells integrate the microenvironmental signals from the activity of immune
cells, bone cells, and the tumor cells themselves, resulting in the increase in bone resorption that is characteristic of osteolytic hone metastasis.

hematological malignancies [85]. TNF-a confers
an invasive, transformed phenotype on mam-
mary epithelial cells [86].

The loss of cell-cell adhesion and the result-
ing increase in the ability of tumor cells to invade
are crucial for metastasis [12], yet the molec-
ular mechanisms that underlie these processes
are not fully understood. In Ewing’s sarcoma
TNF-a induces bone resorption [68] and, in
malignant glioma, it upregulates angiogenic fac-
tors [91], thereby promoting angiogenesis and
tumor progression. This induces upregulation
of TNF-q, IL-8, and, to a lesser extent, vascular
endothelial growth factor (VEGF) [91]. Upreg-
ulation of TNF-a also impairs immune surveil-
lance because T-cell responses and the cytotoxic
activity of activated macrophages are strongly
suppressed [32].

The increase in bone resorption due to TNF-a
can be the result of direct action by TNF-a
[21], of increased angiogenesis or due to IL-8,
a molecule that directly activates osteoclasto-
genesis independent of RANK ligand (RANKL)
[13]. Collectively, the increase in TNF-a expres-
sion by tumor and inflammatory cells medi-
ates a myriad of cellular effects that ultimately

lead to increased osteolysis and tumor progres-
sion. However, TNF-a is far from being the
only cytokine expressed in the bone marrow
microenvironment.

9.6 TGF-B

TGF-f is one of more than 30 peptide growth
factors with pleiotropic effects in a variety of
tissues. TGF-p signaling is initiated by ligand
binding to the type II (TPRII) receptor serine
kinase on the cell surface [109]. This interaction
allows TPRII to phosphorylate the type I recep-
tor (TPRI), thereby propagating signal trans-
duction via phosphorylation of specific down-
stream regulatory Smads, Smad2 and Smad3
[109]. Smad2/3 binding to the common Smad4
leads to nuclear translocation of the complex
and to direct or indirect DNA binding that stim-
ulates target gene transcription and changes in
cell phenotype [109].

TGF-p regulates a broad range of cellu-
lar functions, including proliferation, cell dif-
ferentiation, immune surveillance, extracellular
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matrix secretion, cell adhesion, apoptosis, and
even specification of developmental cell fate [82,
100]. The role of TGF-p in mediating the pro-
gression of osteolytic bone metastasis is well-
established [44]. Rather, the diverse and often
ignored role of TGF-f in the regulation of
tumorigenesis and cancer progression will be
focused on.

As with many cytokines, TGF-p is a pow-
erful pleiotropic immunosuppressive and anti-
inflammatory agent. It also regulates T-cell
proliferation and function [72], as exemplified
in studies with TGF-p knockout mice [63]. These
mice suffer from lethal multifocal inflammatory
disease; that points to the importance of TGF-
f in maintaining immune system homeostasis
[116]. Similarly, the blockade of TGF-f signal-
ing in T cells via transfection with dominant-
negative TBRII [41] or by conditional deletion of
TBRII in bone marrow, led to the same multifo-
cal inflammatory responses [70].

TGF-p is also a key player in malignant dis-
ease through its effects on tumor cells, non-
transformed cells present in the primary tumor,
distal host cells that result in suppression of anti-
tumor immune responses, and distant cells at
potential metastatic sites [116]. The increased
TGEF-f secretion associated with tumor masses
and the normal levels associated with cells of
the immune system contribute to the high TGF-8
levels observed in cancer patients.

A high TGF-f level suppresses innate anti-
tumor immune responses and supports angio-
genesis, invasion, metastasis, and the increase in
tumor extracellular matrix deposition which ulti-
mately bring about tumor progression [45, 116].

TGF-B is also released from the extracellu-
lar matrix of bone via osteoclastic bone resorp-
tion [27]. This bone-derived TGF- further stim-
ulates bone cell and tumor cell proliferation [43].
TGF-p is also secreted by bone marrow mes-
enchymal cells, resident leukocytes, monocytes,
and macrophages recruited to the tumor, all of
which contribute to innate immune suppression
[116].

Collectively, the increased TGF-f secretion by
a variety of tumor cell types and by cells in
the local tumor environment results in elevated
plasma levels of TGF-f. These in turn are associ-

ated with advanced-stage disease, i.e., the pres-
ence of metastases and poor patient outcome.
TGF-B levels therefore may become a prognostic
marker for advanced breast cancer [49], prostate
cancer [126], and pancreatic cancer [37]. TGF-
B levels are also elevated in renal cell carcinoma
[51] and may be the cause of local immunosup-
pression. Elevated serum levels of TGF-f in mul-
tiple myeloma patients are equally likely to be an
adverse prognostic marker of the disease [121].
In multiple myeloma the largest source of TGF-
p are malignant myeloma cells, with a smaller
component derived from bone marrow stromal
cells [120].

TGF-f and components of the TGF-f sig-
naling pathway exert pleiotropic effects on
many steps of the metastatic cascade. They
stimulate angiogenesis, activate the epithelial-
mesenchymal transition, suppress immune
surveillance, stimulate tumor invasion, and
increase tumor extracellular matrix produc-
tion [42]. Activated Smad signaling has been
demonstrated in breast cancer cells resident in
the bone microenvironment [52]. Diminished
TGF-p signaling in animal models of both
breast cancer and melanoma resulted in dra-
matically decreased bone metastases [50, 129].
Small-molecule inhibitors of the TBRI kinase
have been developed that suppress the in vitro
invasion and in vivo bone metastases of breast
cancer cells in murine models [9, 31].

The importance of TGF- in regulating tumor
progression is brought out in tumors with
defective TGF- signaling. In colon cancer, the
mutational inactivation of TBRII [97] inhibits
potently the growth of colon epithelial cells and
the T-cell-mediated tumor suppressive activity
[30].

Targeting TGF-p signaling pathways shows
promise for the treatment of metastatic can-
cer, either via direct effects on the tumor cells
themselves, or via immuno-modulation of the
cellular milieu within the tumor microenviron-
ment. The potent immunomodulatory effects
of TGF-B highlight the importance of utilizing
immune competent animal models in preclini-
cal studies with anti-TGF- agents. Clinical tri-
als with small-molecule inhibitors have been
initiated.
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9.7 Interleukin-6

IL-6 is a potent pleiotropic inflammatory
cytokine that is a key growth-promoting
and anti-apoptotic factor [48], as well as a
well-characterized pro-osteoclastogenic factor
associated with osteoporosis and hypercal-
cemia [78, 92]. The IL-6 receptor complex is a
heterodimer that consists of IL-6Ra and glyco-
protein 130 (gp130), with the latter responsible
for signal transduction [78]. Most IL-6 target
genes are associated with cell cycle progression
and the suppression of apoptosis. IL-6 also
plays an important role in the pathogenesis
of multiple myeloma [19, 128] and increased
IL-6 expression is correlated with an increased
risk of developing breast cancer [47]. A G/C
polymorphism within the promoter region of
the IL-6 gene is associated with breast cancer
survival. This points to a mechanistic link
between host environment and tumor growth
[16]. Furthermore, five IL-6 single-nucleotide
polymorphisms (SNPs) and IL-6 haplotypes
based on these SNPs are associated with an
increased risk of breast cancer [112].

IL-6 acts as a paracrine growth factor for
multiple myeloma, non-Hodgkin’s lymphoma,
bladder cancer, colorectal cancer, and renal cell
carcinoma [72]. In the case of multiple myeloma
(see Chapter 3), the increase in cytokines,
chemokines, and cell-cell contacts provided by
the bone marrow microenvironment supports
multiple myeloma cell survival and proliferation
[127].

The interaction of the receptor activator of
NF-kB (RANK), located on osteoclast precur-
sors, with RANKL on osteoblasts and bone mar-
row stromal cells, is driven by IL-6 and other
cytokines such as MIP-1a, IL-1, PTHrP, and
IL-8, secreted by multiple myeloma cells (see
Chapter 3). It is this interaction that mediates
bone destruction in multiple myeloma [101]. It
is likely that the increase in bone resorption
also is elevated in metastatic breast and prostate
cancer [11, 75] and is the result of paracrine
loops between tumor cells, immune cells, and
osteoclasts.

9.8 (XCL12/CXCR4

Chemokines and their receptors play an impor-
tant role in the organ to which particular can-
cer cells metastasize. Chemokines are small (8-
10 kDa), inducible, secreted chemoattractant
cytokines (CXC- or a-chemokines) that bind to
G-protein-coupled seven-span transmembrane
receptors. They are secreted by virtually all types
of cells, but the amounts and their combinations
are often modulated by inflammatory cytokines,
growth factors, and tumor cells [4, 7, 89]. When
chemokines are bound to their receptors, many
downstream signaling pathways are activated.
This includes non-receptor tyrosine kinases,
MAPK, or protein kinase C [123]. Chemokines
are classified structurally into four separate
groups, depending on the number and position
of conserved cysteines. CXC (a-chemokines),
CC (B-chemokines), and CX3C chemokines have
four conserved cysteines, with either no, one, or
three amino acids separating the first two cys-
teines [123].

In addition to their primary and physio-
logically critical function in regulating leuko-
cyte trafficking, chemokines also have key roles
in embryogenesis, organogenesis, and tissue
homeostasis. In addition, they, along with their
receptors, are now known to be involved in
inducing tumor cell migration [123], in regulat-
ing tumor growth, angiogenesis, invasion, oste-
olysis, and metastasis of the transformed pheno-
type [11, 89].

Perhaps the best studied example is the CXC
chemokine CXCL12 and its cognate receptor
CXCR4 in metastatic breast cancer [87]. Other
chemokine/receptor pairs such as CCR7/CCL21
and CCR10/CCL27 [10] and the CCR5/CCL5 axis
[53] also support metastasis formation at pre-
ferred sites.

The ability of a specific chemokine to act
on chemokine receptor-expressing tumor cells
requires that the chemokine-induced cellular
changes culminate in cellular motility in direct
response to specific chemokine gradients [87],
resulting from a highly potent axis between
CXCL12 and its CXCR4 receptor [87].
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CXCL12 is expressed constitutively in breast
cancer metastatic sites, such as bone marrow,
lung, liver, and lymph nodes [87]. In addition,
CXCL12 induces the homing of hematopoietic
stem cells to the bone marrow via CXCR4 [67].
This indicates that the tumor cells have co-
opted the hematopoietic homing axis. Thus far,
the CXCL12-CXCR4 axis has been implicated
in almost every malignancy studied, including
many solid cancers and tumors of hematopoietic
origin [10, 133]. However, studies with immune-
depleted mice bearing human tumor cells [55]
have raised questions concerning the role of the
CXCL12/CXCR4 in stimulating skeletal metas-
tasis. This may be due to the limited ability
of human tumor cells to adapt to growth in a
mouse milieu.

The preceding discussion of CXCL12/CXCR4
interactions in breast cancer suggests that this
axis may determine why breast cancer cells
metastasize to bone. Clearly this axis is involved
in the tumor cell homing and metastasis of
many cancers. Although many tumors express
CXCR4, not all metastasize to sites that are
enriched by CXCL12 [114]. The CXCL12/CXCR4
axis may therefore be an important regulator of
the metastatic process, but it cannot be the sole
mediator [53, 83].

9.9 Interleukin-8

Chemokine biology is expanding rapidly, with
over 50 chemokines that mediate a variety
of effects through one or more of the 16
different chemokine receptors so far identi-
fied [22]. Interleukin-8 (IL-8; CXCL8) is the
prototypical member of the CXC-chemokine
superfamily and was originally classified as a
neutrophil chemoattractant with inflammatory
activity [130].

Many cells synthesize and release IL-8
(and other cytokines) in response to injury,
inflammation, and other pathological condi-
tions [115], with IL-8 production induced by
pro-inflammatory cytokines such as IL-1 and
TNF-a [102]. IL-8 also promotes tumor growth,

angiogenesis, bone resorption, and metastasis
(4, 11].

Two IL-8 receptors, CXCR1 and CXCR2, share
77% amino acid identity and belong to the super
family of seven-transmembrane, G-protein-
coupled receptors [115]. Ligand-dependent
signaling is mediated by heterotrimeric G
proteins, resulting in the exchange of GDP
for GTP on the a subunit of the Gq protein
[125]. CXCR1 and CXCR2 are expressed on
the surface of many normal cells such as neu-
trophils, basophils, lymphocytes, monocytes,
keratinocytes, and endocytes [14, 132].

IL-8 is a potent angiogenic factor in non-
squamous cell carcinoma of the lung [113] and
induces metastasis in myeloma, breast cancer
and colorectal cancer [12, 110, 118]. Elevated
serum IL-8 levels are correlated with angio-
genesis, tumor progression, and poor survival
in NSCLC patients [24, 131]. Similarly, elevated
serum IL-8 in breast cancer is associated with an
accelerated clinical course, a higher tumor load,
and liver or lymph node involvement [15].

Animal experiments utilizing human prostate
cancer cells with a high propensity for metasta-
sis to bone have confirmed that IL-8 secretion is
positively related to induction of angiogenesis,
tumorigenicity, and the development of metas-
tases [57]. IL-8 has also been shown to have
potent mitogenic activity for cancers such as
melanoma, colon cancer, and pancreatic cancer
[71,111, 132] and to be a potent, direct regulator
of osteoclastic differentiation and bone resorp-
tion [13, 75], independent of RANKL-activation
[13]. The effects of IL-8 on osteoclastogenesis
are mediated by CXCR1, the only IL-8 receptor
that is expressed on the surface of osteoclasts or
their precursors [14].

In multiple myeloma, IL-8 induces prolif-
eration and chemotaxis [98]. Because IL-8 is
expressed by myeloma cells, bone marrow stro-
mal cells, and endothelial cells [98, 108], IL-8 in
multiple myeloma acts by increasing angiogene-
sis, and/or bone resorption.

In addition, Arenberg and colleagues [6]
demonstrated that when SCID mice that bear
non-small lung cancer cells are treated with
a neutralizing anti-IL-8 monoclonal antibody,
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tumor growth was suppressed by more than
40%. This, in turn, was associated with an over-
all decrease in lung metastases [6]. Interest-
ingly, anti-IL-8 antibody therapy did not inhibit
non-small cell tumor growth in vitro [6]; this
suggests that the effect of IL-8 in vivo is not
autocrine but paracrine, with IL-8 acting in the
tumor microenvironment on cells that secrete
factors that support tumor development.
Interestingly, cell-cell contact between tumor
cells and platelets during experimental bone
metastasis causes lysophosphatidic acid to stim-
ulate IL-8 expression, inducing bone metasta-
sis, skeletal tumor growth, and osteolysis (see
also Chapter 5) [20]. It is thus apparent that IL-
8 stimulates cytokine production in many dif-
ferent cell types, enhancing tumor growth and
cytokine-mediated bone destruction. Therefore,
metabolic pathways that cause elevated IL-8 lev-
els may also elicit systemic changes in bone
resorption and/or tumor progression [15, 56].

9.10 Interleukin-10

Not all inflammatory interleukins induce tumor
progression and bone destruction. For exam-
ple, the effects of IL-10, a multifunctional
cytokine with both immunosuppressive and
anti-angiogenic functions [99], oppose those of
IL-6 and IL-8. IL-10 through rather ill-defined
mechanisms [106], inhibit NF-kB activation and
the production of pro-inflammatory cytokines,
e.g., TNF-a, IL-6, and IL-12 [72, 99]. IL-10 thus
appears to inhibit tumor development and pro-
gression. Overexpression of IL-10 in the tumor
microenvironment may catalyze cancer immune
rejection and suppress tumor development [84].

Erdman et al. [33] have proposed that
IL-10 dependent anti-tumor activity is linked to
the CD4"CD25" regulatory T cells (Tregs). Nat-
urally occurring Tregs inhibit immune patholo-
gies and autoimmune diseases in vivo, possi-
bly because they regulate T-cell number and
manipulate the cytokine milieu [94], mech-
anisms likely involved in tumor suppression
as well. These have been identified in mam-
mary and ovarian carcinoma xenografts, where
IL-10 expression has been shown to inhibit

tumor growth and metastasis significantly [60,
64, 74]. IL-10 also modulates apoptosis and sup-
presses tumor angiogenesis [60, 64], perhaps via
anti-angiogenic changes in the tumor stroma
[18]. The potent inhibition of VEGFE, TNF-a, and
IL-6 production by IL-10 (secreted from tumor
associated macrophages) likely contributes to
the well-documented inhibitory effect of IL-10
on tumor angiogenesis [46, 62].

As with data concerning most cytokines, not
all findings regarding IL-10 action agree. For
example, IL-10 has been reported to stimulate
tumor growth [39, 72]. Moreover the ability of
IL-10 to suppress adaptive immune responses
may be a mechanism by which IL-10 supports
the escape from immune surveillance [84].

IL-10 expression has been implicated in caus-
ing the immune deficiency of cancer patients.
In support of this concept, it has been demon-
strated that high IL-10 levels in ascites fluid
and serum from ovarian cancer patients were
positively correlated with histological grade of
the tumor, suggesting that IL-10 levels could
be a prognostic factor in ovarian cancer [90].
Other studies, however, do not support the infer-
ence that selected IL-10 gene polymorphisms
are associated with the risk for ovarian can-
cer [23]. Indeed, low IL-10 expression geno-
types have been associated with poor outcome
in melanoma patients [81].

The confusing scenario of opposing activities
of IL-10 may be due to the fact that IL-10 (or
any other cytokine) does not function in isola-
tion, but that its activity is the result of a series
of integrated cellular interactions that can lead
to either tumor suppression or progression.

9.11 Interleukin-12 and -23

IL-12 and IL-23 are members of a small family
of pro-inflammatory heterodimeric cytokines
[66]. Both cytokines share a common p40 sub-
unit that is covalently linked either to a p35
subunit to form IL-12 or to a p19 subunit to
form IL-23 [66]. The IL-12 receptor is comprised
of an IL-12Rb1 and IL-12Rb2 subunit, and the
IL-23 receptor of the IL-12Rb1 subunit and a
novel subunit IL-23R10 [66]. Both cytokines are
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co-expressed by activated dendritic and phago-
cytic cells, whereas the receptors for both are
found on the surface of T cells, NK cells, and
NK T cells [72]. Low concentrations of IL-23
receptor complexes are found in monocytes,
macrophages, and dendrites [96]. Notwithstand-
ing their similarities, IL-12 and IL-23 are
involved in divergent immunological pathways,
summarized below.

9.11.1 Interleukin-12

IL-12 is a multifunctional cytokine, the proper-
ties of which bridge innate and adaptive immu-
nity. Itis a key regulator of cell-mediated immune
responses because it induces T helper 1 cell dif-
ferentiation [29].IL-12 induces IFN-y production
and proliferation, and the cytolytic action of both
NK and T cells. As such, IL-12 is a potent stimu-
lator of innate cellular immunity [29].
Endogenous IL-12 provides resistance to
tumors [72], with the anti-tumor activity of
IL-12 well-documented in numerous murine
models of cancer, including melanomas, mam-
mary carcinomas, colon carcinoma, renal
carcinoma, and sarcomas (see [25] for a review).
IL-12 inhibits tumorigenesis and induces
regression of established tumors, primarily by
inhibiting angiogenesis. IL-12 also has potent
in vivo anti-tumor and anti-metastatic activity
against murine tumors [29]. Interestingly, the
efficacy of IL-12 was greatly reduced, but not
completely abolished, in immune-incompetent
mice [93]. Subsequently, Voest et al. [122]
discovered that the anti-angiogenic property of
IL-12 depended on its induction of interferon
(IFN)-y expression and that administration of
IFN-y reproduced the anti-angiogenic effects
of IL-12. Moreover, IL-12 treatment suppressed
osteoclastogenesis [105] and reduced the pro-
duction of metalloproteases. The latter play a
role in mediating remodeling of the extracellular
matrix and are required for neo-angiogenesis.
IL-12 production is inhibited by IL-10 and
TGF-p1, which suppress transcription of the
IL-12 p40 subunit and thereby limit the amount
of biologically active p70 heterodimer [29].
Thus the anti-tumor effects of IL-12 appear
to be mediated by IFN-y, which, in turn, mod-

ulates the anti-angiogenic effects. Interestingly,
the increase in TGF-B (due to increased bone
resorption of osteolytic metastases) may dimin-
ish endogenous IL-12 anti-tumor activity. Con-
versely, the IL-12-induced IFN-y production
may act on osteoclast-mediated bone resorption
via changes in TNF-o and RANKL [38].

9.11.2 Interleukin-23

IL-23 appears to promote the pro-inflammatory
function of a memory T-cell subset termed
Th17. These Th17 cells are characterized by the
production of the cytokine IL-17 and develop
due to the influence of TGF-f and IL-6, two
cytokines known to be present at high levels in
the tumor environment [66]. Although its role
in Th17 cell development is still under investiga-
tion, IL-23 seems to be crucial for the function,
survival, and propagation of Th17 cells [66].

Similar to the IL-12/IFN-y pathway discussed
above, the pleiotropic effects of IL-23 appear
to be mediated almost entirely by IL-17 [65].
IL-17 engages its receptor, IL-17 receptor A
(IL-17RA), a transmembrane receptor ubiqui-
tously expressed on the surface of monocytes,
stromal, epithelial, and endothelial cells [124].
Ligand binding results in the release of oste-
olytic/inflammatory factors (e.g., IL-1, IL-6,
IL-8, TNF-a, prostaglandin E2), thereby enhanc-
ing both the inflammatory and osteoclastogenic
cascades. Interestingly, the members of the
IL-17R superfamily share remarkably little
homology with other classes of cytokine
receptors [61]. That IL-23, released by tumors,
induces IL-17 is an attractive concept, because
IL-17 promotes angiogenesis and induces
MMPs, two events well known to potentiate
tumor growth [66]. These findings support
the correlation of increased IL-17 expression
observed in ovarian, cervical, and colorectal
cancers [95].

IL-23 has been identified as a cancer-
associated cytokine [66]. IL-23, but not IL-12,
was significantly elevated in human carcinoma
samples compared to the concentration found
in normal adjacent tissue from the same indi-
vidual [66]. Because IL-23 was not elevated in
the normal adjacent tissues, the upregulation of
IL-23 is likely to be specific to the tumor and
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not the result of a predisposing genetic condi-
tion [66]. The role of IL-23 in tumorigenesis is
underscored by the report that mice lacking IL-
23 are resistant to endogenous tumor forma-
tion [66]. Moreover, the growth of transplanted
tumors is restricted in hosts deficient in IL-
23 or IL-23R [66]. Even though IL-23-mediated
inflammatory processes may provide a tumor-
promoting microenvironment, several studies
have demonstrated tumor-inhibitory effects of
IL-23 [73, 119].

It seems evident that the tumor microenvi-
ronment involves the integration of the many
signals that are elaborated in the bone microen-
vironment by immune cells and by tumor and
bone cells (Fig. 9.2). How these signals are inte-
grated and coordinated, and how the tumor
cells orchestrate their specific responses is not
known. However, the available findings suggest
the Th17/IL-23-1IL-17 axis is an important thera-
peutic target to prevent bone destruction associ-
ated with T-cell activation in cancer and inflam-
matory diseases [105].

9.12 Summary

Significant strides have been made in under-
standing major events in tumor progression
since 1971 when then President Nixon declared
the “War on Cancer.” Advances in cancer detec-
tion, prevention, and treatment have led to
the identification of the roles specific cells play
within the tumor microenvironment.

As discussed in this chapter, activation of
immune and inflammatory responses produces
cytokines that either stimulate or inhibit tumor
growth and progression. By and large, most pro-
inflammatory cytokines promote tumor devel-
opment, although this is not the only response.
The identification of autocrine and paracrine
effects of factors produced within the local
tumor microenvironment adds to the complex-
ity of the milieu. To advance the field a more
integrated approach is required. Rather than
continuing to develop models that segregate
the tumor microenvironment from inflamma-
tory cytokines in bone, tumor biologists should
study the complexity of factors that orches-

trate cell-cell interactions and osteolysis in
bone. The integrated response of cells (tumor,
immune, and bone) within the milieu of secreted
(and matrix) components in the bone marrow
microenvironment represents an elegant system
in which individual cells respond in a coor-
dinated fashion to enhance tumor cell devel-
opment and/or survival. These complex pro-
cesses, and the potential to influence them bene-
ficially in a clinical setting may provide impor-
tant insights for developing novel therapeutics
and represent areas of research that warrant fur-
ther investigation.
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10.1 Introduction and Chapter
Overview

Maintenance of a healthy skeleton requires a sta-
ble relationship between osteoblast and osteo-
clast activity. When cancer cells spread to bone,
they interact with the bone cells to express bone-
like proteins and participate with bone cells
in inducing osteoclasts and osteoblasts, thereby
bringing about a metabolic imbalance between
osteoblasts and osteoclasts. This imbalance may
favor osteosclerotic/osteoblastic processes, as in
prostate cancer (PCa) or osteosarcoma, or acti-
vate osteolytic processes, as in breast cancer and
myeloma. The ability of cancer cells to undergo
phenotypic changes that allow them to form
bone is termed “osteomimicry” and permits
cancer cells to home, adhere, and migrate to
bone, to invade bone space, and then to utilize
the rich bone microenvironment to proliferate
and survive because of the abundance of growth
factors (GFs) and extracellular matrix molecules
(ECMs) found in the bone niche (see Chapter 1).
By enhancing angiogenesis in the local tumor
microenvironment, these molecules not only
help cancer cells to multiply in bone, but also to
metastasize to other soft tissues. In short, cancer
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cell osteomimicry amplifies cancer growth at
the expense of the bone cells sequestered in the
niche.

This chapter aims to (1) develop the con-
cept of osteomimicry and to describe some
of the unique signaling pathways involved in
osteomimicry; (2) describe cancer cell plastic-
ity and to analyze its evolutionary significance;
(3) stress the role of the “cancer cell-derived”
receptor activator, NFkB ligand (RANKL), in
increasing bone turnover, thereby facilitating
cancer growth and survival in bone and ulti-
mately, by stimulating angiogenesis, causing
cancer cells to spread to soft tissues; and (4) dis-
cuss how osteomimicry supports signal ampli-
fication that leads to PCa disease progression.
Much of this chapter will focus on PCa cells,
because these cells are the true “masters” of
osteomimicry. Unlike many other cancers which
form osteolytic or mixed bone lesions, PCa cells
can literally fill bone marrow with solid miner-
alizing tumor in late-stage disease.

10.2 Phenotypic Alterations in
Prostate Cancer Cells Growing in
Bone: A New Signaling Triad

In cancers, metastases often appear long after
the first diagnosis of the disease (see Chapter 1).
Yet with current techniques, small numbers of
PCa cells can be detected in bone [35, 49] even
when the serum prostate-specific antigen (PSA)
level is very low (<0.1 ng/ml). Conceivably, dor-
mant disseminated cancer cells, when in con-
tact with bone factors or cells in the niche, are
activated, proliferate, and become dominant [35,
49]. A key to controlling the spread of PCa cells
in bone would be to identify the steps in cancer
cell activation. To determine how transdifferen-
tiation of PCa cells occurs in bone, the interac-
tions of PCa cells and bone cells have been stud-
ied in animal models that recapitulate human
PCa progression [12, 14]. Such studies require
the use of cancer cell lines that possess pheno-
typic characteristics at each stage of the disease:
early-stage mimics that are androgen-regulated
and more epithelial, and late-stage cells that are

androgen-independent and more mesenchymal
in nature.

Cell lines available for study include LNCaP,
a cell line isolated from human PCa lymph node
metastasis, and an ARCaP (androgen-repressed
cancer of the prostate) model isolated from the
ascites fluid of a male who harbored PCa bone
and soft tissue metastases [53, 57, 61]. LNCaP
cells fail to form tumors in mice unless co-
inoculated with bone-like extracellular matri-
ces or stromal fibroblasts [53]. The in vivo
growth of LNCaP tumors in the presence of
these inductive molecules results in the “evolu-
tion” or “selection” of highly tumorigenic and
metastatic LNCaP sublines, C4, C4-2, and C4-
2B. These cells, in turn, when implanted in
mice, give rise to effective models of human
PCa [53, 54]. ARCaP cells are tumorigenic, but
a subline, ARCaPg, with an epithelial pheno-
type, is marginally metastatic when adminis-
tered intracardiacally. On the other hand, when
ArCaP are in contact with cells in the bone
niche, they undergo a morphologic and bio-
chemical transition toward a mesenchymal phe-
notype, ARCaPy. ARCaPy cells have dramatic
bone metastatic potential and produce bone
metastases in mice 100% of the time [57]. With
the aid of a broad range of analytic approaches,
it has been possible to establish numerous links
between the osteomimetic properties of human
PCa cells and factors and motifs in the PCa
bone niche, a linkage likely to mediate the
cell signaling cascades that regulate and confer
osteomimicry.

One key and unanticipated finding is that
PCa, prostate stroma, endothelial, and inflam-
matory cells secrete a soluble factor, P2-
microglobulin (B2-M), which activates down-
stream signaling of cAMP-dependent protein
kinase A (PKA) via the cAMP-responsive ele-
ment binding protein (CREB). As a result of
this activation, PCa cells synthesize and deposit
bone-like proteins, including osteocalcin (OC)
and bone sialoprotein (BSP) [28, 29], both hall-
marks of osteomimicry. p2-M seems to be a
major GF and signaling molecule that promotes
five aspects of cancer growth and progression
in the bone environment: (1) PCa cell prolif-
eration via an increase in cell cycle regula-
tors such as cyclins A and D [28]; (2) PCa cell
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survival, via enhanced VEGF-survivin, signaling
and androgen receptor (AR) expression [27, 56];
(3) PCa cell adhesion to bone matrix proteins
via upregulation of key integrin molecules [18,
19]; (4) PCa cell interaction and colonization of
bone via increased RANKL expression [60]; and
(5) PCa cell transition from epithelial to mes-
enchymal (or EMT), a transition that enhances
ability to migrate, invade, and metastasize ([43];
see Fig. 10.1).

When PCa progresses from androgen-
responsive to androgen-refractory status during
disease progression, many other phenotypic
features of the cells also change. For instance,
production of reactive oxygen species (ROS) in
the tumor microenvironment increases [1, 3, 36,
51]. The increase in ROS leads to an increase in
overall cell stress and stress responses, which
in turn increases synthesis and deposition of
extracellular factors, such as matrix proteins,
that can further promote disease progression
by generating a positive feedback loop. One of
these factors produced by PCa cells is f2-M,
and a second is the matrix heparan sulfate

proteoglycan (HSPG), perlecan. Perlecan is an
abundant HSPG in bone marrow and vascular
cells (see below), and thus is a desirable thera-
peutic target to reduce PCa-tumor growth and
angiogenesis [11, 17, 21, 47].

Because single marker measures of PCa cell
growth in bone are subject to error, there is
interest in developing “multiplex” assays for
detecting the presence of cancer cells actively
growing in bone. Such marker clusters in the
long term may prove more useful than sin-
gle gene products such as PSA which is cur-
rently used for PCa screening. In the case
of pancreatic cancer, a collection of mark-
ers was identified using multidimensional pro-
tein identification technology that included
CSPG2/versican, Mac25/angiomodulin, IGFBP-
1, HSPG2/perlecan, syndecan 4, FAM3C, APLP2,
cyclophilin B, $2-M, and ICA69 [41].

One such candidate “molecular trio” for PCa
is composed of B2-M, ROS, and perlecan whose
interrelationship is depicted in Fig. 10.2. Confir-
matory evidence of a triad relationship between
B2-M, ROS, and perlecan in clinical human PCa
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Figure 10.2.  Triad relationship among the factors 82 M, ROS, and
perlecan including the cascade of events that support cancer growth in
the bone.

tissues was recently obtained in our laborato-
ries [1, 2]. To determine if this molecular triad
could be used as a measure of PCa disease pro-
gression, a series of tissue microarray studies of
normal, prostate intraepithelial neoplasis (PIN),
benign, primary PCa and PCa bone metastasis
were assessed for these markers using immuno-
histochemistry (IHC) techniques [3, 27, 46, 47].
Other markers of EMT also were included in the
study: LIV-1, a zinc transporter associated with
EMT and a target gene of f2-M, focal adhesion
kinase (FAK), a key cell adhesion molecule and
a target gene for ROS and heparanase (HPSE),
a heparan sulfate (HS)-degrading enzyme that
modulates perlecan activation and angiogenesis
in cancer tissues. PCa cells with mitochondrial
DNA mutations, associated with increased risk
of PCa [9], or activated by p2-M, provoked con-
sistently higher levels of ROS production. ROS
stimulated perlecan expression and augmented
PCa cell growth in the bone microenvironment.
Downstream targets of ROS and 2-M signaling
including FAK, perlecan itself, and LIV-1 showed
a statistically highly significant relationship to
PCa progression from normal, benign, PIN, and
PCa-to-PCa bone metastasis (e.g., 2-M (p <
0.001), LIV-1 (p < 0.001), and FAK (p < 0.01)];
HPSE, a HS-dependent modulator of cell sig-
naling, changed distribution in PCa progression
consistent with enzyme activation and heparin
binding GF delivery (p < 0.001). Using logistic
regression model analysis, only FAK (p < 0.022)
and LIV-1 (p < 0.001) predicted a Gleason score
of 3+3 and 3+4 [1, 2]. Interestingly, recent stud-

ies showed that perlecan interactions with PCa
cells can activate FAK [20].

Based on the relationships depicted in
Fig. 10.2, an integrated model of human PCa
progression and EMT has been developed
(Fig. 10.3). When normal cells become cancer
cells via genetic or epigenetic mechanisms, ROS
is produced primarily by stress and secondar-
ily in response to epigenetic regulation by p2-M
and perlecan, which together act on heparin-
binding GFs. Stromal cells surrounding the can-
cer cells respond to these inductive “cues”, and,
undergoing profound structured and molec-
ular transition, become “reactive stroma” [4,
13, 55]. The GE, ECM, and chemokine profiles
of “reactive stroma” differ from those of nor-
mal “quiescent” stromal cells. The matrix met-
alloproteinases (MMPs) and HSPG-modulating
enzymes, e.g., HPSE, also undergo changes.
The interactions between PCa and the reac-
tive stromal cells produce a motile phenotype
that metastasizes to lymph nodes and, passing
through the vasculature and perineural tissue,
reaches bone. Activated PCa cells then use the
same routes to establish tertiary metastases at
other bone or soft tissue sites. Dissemination is
the result of aberrant intercellular communica-
tion between tumor and stroma, with f2-M, per-
lecan, heparin-binding GFs, and RANKL play-
ing crucial roles in affecting the “vicious cycle”
between tumor and stroma. This can be made
worse by further co-evolution of tumor and stro-
mal cells via genetic or epigenetic changes that
lead to increases in angiogenesis, mesenchymal
transitions, and increased expression of stress-
responsive genes [14, 60, 52]. These changes, in
turn, fuel further bone cancer growth, thereby
increasing the propensity of bone tumor cells
to spread to soft tissues, such as adrenal gland,
lung, liver, and kidney [26, 57, 61].

10.3 The Plasticity of PCa Cells.
Potential Evolutionary
Significance

Transdifferentiation of PCa cells in the tumor
microenvironment is similar to what occurs in
embryonic development where osteomimicry is
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regulated by sonic hedgehog signaling [6, 50].
Moreover, transition from epithelial to mes-
enchymal phenotype often is associated with
increased cell migration and invasion [57, 60].
Osteomimicry or EMT are unlikely to occur in
normal adult organs, but can be activated in cells
undergoing malignant transformation. Never-
theless, not all cells respond to the f2-M sig-
nal with osteomimicry (as in the LNCaP model)
or with EMT (as in the ARCaP model). Rather
introduction of the hypoxia-inducing factor la
(HIF-1a) in a LNCaP culture will induce EMT
[31, 38]. Likewise, osteomimicry can be induced
in ARCaP cells when they are subjected to epige-

Progressive changes leading to EMT and lethal prostatic cancer disease.

netic factors that regulate key transcription fac-
tors (Fig. 10.1). Cancer cells also can adopt other
host tissue properties. For example, hypoxic
and ischemic cancer cells can induce a vas-
cular endothelial network [24, 25]. When can-
cer cells transition to mesenchymal cells dur-
ing development, their epithelial morphology is
lost, either partly or completely. They also no
longer express epithelial markers such as cytok-
eratins and Epi-CAM, while expressing mes-
enchymal markers, vimentin, and N-cadherin.
When deprived of serum, cancer cell cul-
tures can express a neuroendocrine pheno-
type which can grow and survive under certain
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pathophysiological conditions [32, 39]. The abil-
ity of cancer cells to mimic their microenviron-
ment is critical for the continued growth and
survival of cancer cells as they undergo phe-
notypic change. This refers to hypoxia, nutri-
tional deprivation, exposure to radiation, to
chemotherapeutic agents, or to an environment
rich in ROS, where chemokines, cytokines, and
neuroendocrine factors are released into the
microenvironment. The ability of human can-
cer cells to adapt to changing environments
bears remarkable resemblance to what happens
when bacteria are subjected to glucose or other
nutrient deprivation. When that occurs, bac-
teria undergo profound genomic and pheno-
typic changes that have been termed “adaptive”
mutation [22, 23, 34]. Conceivably cancer cells,
like bacteria, survive under normally unfavor-
able conditions, at the same time expressing
osteomimicry, vasculogenic mimicry, neuroen-
docrine differentiation (NED), EMT, and other
adaptive mutations that allow them to survive
and thrive. The diversity of these changes and
the heterogeneity of the cancer phenotype make
it reasonable to take into account the plasticity
of PCa cells in connection with diagnosis, prog-
nosis, and treatment.
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10.4 The Functional Role of
Cancer Derived RANKL in
Osteoclastogenesis

Integrity of the mature skeleton depends on the
rates of bone formation and bone destruction
remaining relatively equal. Cancer cells may
secrete a factor or factors that damage this
balance in favor of osteoclastogenesis or
osteopetrosis. Breast and PCa cells secrete
parathyroid hormone-related peptide (PTHrP)
in response to TGF-f [37, 42, 45], causing the
osteoblasts to express RANKL. The interac-
tion of RANKL-RANK causes bone turnover
to increase and TGF-f from bone cells fuels
additional production of PTHrP by cancer cells
[37, 42, 45]. Some cancer cells actually secrete
TGF-B [7, 10, 59] or BMPs [59], which, in the
case of PCa cells, may enhance both osteolytic
and osteoblastic processes. Moreover, cancer
cell-derived RANKL hastens the maturation of
hematopoietic pre-osteoclasts, which in turn
promote bone turnover [60]. Figure 10.4 depicts
the sequence of events that results when osteo-

Mesenchymal-like
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Hematopoietic
precursor

Pro-osteoclasts
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Figure 10.4.

Temporal relationship between 32 M and RANKL during prostate cancer bone colonization.
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clastogenesis due to PCa cells leads to increased
osteoblastogenesis, a prerequisite for new bone
formation and PCa growth in the skeleton.

The CREB is one molecule that regulates
RANKL in osteoblasts, [5, 58]. This may also be
true for PCa cells, but it is equally possible that
RANKL in PCa cells utilizes a different mecha-
nism. One reason is that OC expression in PCa
cells involves a different mechanism from that in
osteoblasts [29].

10.5 Perlecan Supports Signal
Amplification Leading to
Osteomimicry and PCa Disease
Progression

As PCa progresses, PCa cells undergo heteroge-
neous genotypic and phenotypic changes that
make it difficult to treat the cancer with a sin-
gle modality. Two avenues of transdifferentia-
tion supported by paracrine interactions with
bone stroma are osteomimicry/EMT and NED.
The latter has been used clinically to evaluate
cancer risk [15, 33]. How ECM, including per-
lecan and HS, supports transdifferentiation is
not known; therefore, a therapeutic approach
has not been developed. In contrast, the pres-
ence of a rapidly growing tumor dramatically
increases stromal expression of perlecan in the
“reactive stroma” (see above). TGF-§ signaling
in reactive stroma of PCa is both angiogenic
and tumor promoting and appears mediated
through a TGFBRII/Smad3-dependent upregu-
lation of FGF-2 expression and release [44]. In
bone marrow, perlecan is expressed constitu-
tively at high levels and is the most abundant
HSPG in the bone marrow ECM. Strong bio-
chemical evidence has shown that TGF-f affects
proteoglycan synthesis both quantitatively and
qualitatively and that it can alter HS function
by altering the HS-synthesizing machinery [11,
21]. Perlecan is upregulated at the transcrip-
tional level by TGF- [21, 48] and apparently by
increases in ROS (unpublished). The human per-
lecan promoter contains a number of consensus
elements, including those for binding Smads3,

CREB, and NFkB, all part of the triad network
supporting PCa disease progression.

B2M, at physiological concentrations, releases
MMP-1 without release of TIMP-1[41]. This
leads to uncontrolled lysis of ECM. BMP1/TLL
are produced by alternative splicing of the
TLLI gene that cleave fibrillar and non-fibrillar
collagens, certain GFs, a,-macroglobulin, lysyl
oxidases, laminin, and several proteoglycans,
including perlecan [30]. This in turn leads to
the release of its derivative, endorepellin [8].
ROS increase production and activate MMPs
[16] which degrade perlecan and other matrix
molecules present in bone.

Upon disease progression PCa cells acquire
plasticity to overcome unfavorable survival
conditions. Genomic and epigenomic changes,
through coevolution of tumor and stromal cells,
support continued growth and survival of can-
cer cells in bone. The plasticity of PCa cells
resembles that of the bacteria under nutritional
deprivation. Because bacteria as well as PCa cells
undergo genomic and epigenomic adaptation, it
may be possible to target “adaptive” changes and
plasticity of PCa cells by way of a novel approach
to treat PCa progression.
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Bone Pain Associated with Cancer Metastasis

Patrick W. O’Donnell, Nancy M. Luger,
and Denis R. Clohisy

In 2005, cancer was second only to heart disease
as the leading cause of death in the United States.
There are 1.4 million new cases of cancer diag-
nosed each year resulting in over one-half of a
million deaths. Due to improvements in detec-
tion and treatment, longer patient survival after
diagnosis is now possible. Unfortunately, the
quality of life in patients dealing with advanced
cancer is significantly reduced. A major contrib-
utor to the overall decreased quality of life in
such patients is bone cancer pain [12, 45].

Bone cancer can be either a primary can-
cer or secondary cancer, representing metastatic
disease. As metastatic bone tumors are over
200 times more common than primary bone
tumors, the vast majority of bone cancers in
adults are metastases. Bone cancer pain is the
most common source of pain in patients with
cancer, and over two-thirds of cancer patients
have pain severe enough to require treatment at
some point in their lives. Bone cancer pain signif-
icantly affects the quality of life of cancer patients
[21, 64] (Fig. 11.1). Seventy percent of patients
with advanced breast or prostate cancers will
develop skeletal metastasis, and the majority of
them will experience bone cancer pain [1, 34].

In addition to causing significant pain, bone
metastases can cause a host of other devastating
problems including fractures, spinal cord com-
pression, bone marrow failure, and hypercal-
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cemia. The rate of fractures in cancer patients
with metastatic bone lesions is most directly
related to metastatic disease from osteolytic can-
cers such as myeloma or breast cancer [12]. Frac-
tures secondary to cancer involvement of the
bone create very significant problems due to
the severe nature of the pain associated with
such fractures and the difficult problems associ-
ated with fracture repair through weak, tumor-
ridden bone. These pathologic fractures not only
add to the pain associated with bone cancer but
also complicate the overall patient care strategy
by causing disability and immobility. A com-
mon site of these fractures is the spinal column.
Vertebral fractures secondary to bone metasta-
sis are a significant problem owing to the result-
ing pain and potential neurologic injury. Even
without fractures, large bone tumors can lead to
severe bone pain, spinal cord compression, and
neurologic impingement.

11.1 Bone Cancer Pain

Within the realm of cancer biology, the pri-
mary tumor is often not the source of patients’
symptoms. Rather, tumor cell metastases to dis-
tant organs often prove to cause the majority
of cancer pain. Bone cancer pain is frequently

E Bronner, M.C. Farach-Carson (eds.), Bone and Cancer, Topics in Bone Biology 5,
DOI 10.1007/978-1-84882-019-7_11, © Springer-Verlag London Limited 2009
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Figure 11.1.  Bone cancer pain significantly affects the quality of life of cancer patients. Reprinted with permission from Cancer Facts and Figures

2007. Atlanta: American Cancer Society, Inc.

the presenting symptom which indicates cancer
metastasis. Cancer-induced bone pain is a com-
plex clinical condition without an easy therapeu-
tic solution.

The development of bone cancer pain typi-
cally occurs by one of three mechanisms. First,
tumor-induced bone pain is mostly related to
direct tumor infiltration into nerves within the
bone. The considerable sensory innervation of
bone and surrounding tissues is known to con-
tribute to the pathophysiology of bone cancer
pain. Due to the rich nervous system innerva-
tion, tumors can cause injury to nerves directly
and/or by stretching of the periosteum, causing
nociceptor stimulation and pain [25, 46, 49, 71].
Second, bone cancer pain may arise due to diag-
nostic or therapeutic procedures such as biopsy
or surgical fixation with orthopaedic implants
used to treat or prevent pathologic fractures.
Third, bone cancer pain may occur as a conse-
quence of the direct toxicity of cancer therapy.
Examples include pain related to chemothera-
peutic toxicities or other oncology-related treat-
ments such as administration of growth factors
for hematopoietic support [49, 64].

While the natural history varies from patient
to patient, bone cancer pain is the most com-
mon source of pain in patients diagnosed
with cancer. Patients describe bone cancer pain
as intermittent at onset, but with progressive
development of continuous pain accompanied
by breakthrough episodes of very severe pain.
Breakthrough pain can be provoked by move-
ment, but it may also be spontaneous and unre-

lated to movement. Breakthrough pain is often
acute, unpredictable, and particularly debilitat-
ing. Spontaneous episodes of breakthrough pain
are assumed to be related to failure of bone
remodeling [10, 50, 71].

Many patients with bone cancer pain expe-
rience mechanical allodynia, [34] a particularly
devastating pain condition. Mechanical allody-
nia occurs when a mechanical stimulus not nor-
mally perceived as noxious is painful. In patients
experiencing this type of pain, even simple
touch can be excruciating. This form of pain is
often unresponsive to conventional pain thera-
pies [50, 71].

Bone cancer pain becomes increasingly dif-
ficult to manage with duration of symptoms
and with disease progression. The frequency
and intensity of bone cancer pain increases with
advancing disease such that 75-90% of patients
with advanced-stage disease experience signif-
icant daily pain. As one may imagine, patients
report that the development and progression of
bone cancer pain is associated with a decrease in
the quality of life, with immobility, and depres-
sion [10, 50, 65, 71].

11.2 Treatment of Bone
Cancer Pain

The current treatment of bone cancer pain
requires an interdisciplinary = approach.
Unfortunately, even such an approach can
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be inadequate and permanent resolution of
bone cancer pain often is not achieved. Treat-
ment currently focuses on eradication of bone
tumors, decreasing the impact of tumor-induced
bone loss, surgical stabilization of fractures, and
pain medications. Chemotherapy and radiation
therapy are used to eradicate or reduce the
size of bone tumors. Radiation treatment is
usually a good means for reducing bone cancer
pain. Radiation is successful in relieving pain in
90% of patients, with 50% reporting complete
relief of pain. Unfortunately, 50% of these
patients experience a relapse in pain symptoms
(40, 41, 49].

Other treatments can also be used to erad-
icate bone cancer pain. Radiofrequency tumor
ablation and radiopharmaceuticals (strontium-
89 or samarium-153) have shown some promise.
Newer tumor-targeted experimental treatments
using immunotherapy (cytokine therapy, mon-
oclonal antibodies, and tumor vaccines), hor-
monal therapy, and small-molecule inhibitors
may assist in reducing bone cancer pain [40, 41,
49, 62, 70, 74].

Treatment focusing on decreasing cancer-
induced bone loss has shown promise for reduc-
ing tumor-induced pain. Successful treatments
can be medical and/or surgical. Treatment with
bisphosphonates in certain patients has shown
up to 50% decrease in patient-reported pain
scores [74]. Bisphosphonates have a chemical
structure that is similar to pyrophosphate, a nor-
mal part of the mineral phase of bone. Bis-
phosphonates function by inhibiting osteoclast
recruitment to the bone surface, reducing osteo-
clast binding to bone, and inducing apopto-
sis (programmed cell death) in osteoclasts. In
cancer-induced bone pain, the success of bis-
phosphonates is thought to occur through inhi-
bition of osteoclast-mediated bone loss, specifi-
cally in tumor-infiltrated bone.

Surgical stabilization of bones with painful
tumors may reduce pain and can prevent patho-
logic fracture (Fig. 11.2). In the course of man-
agement, one must make an assessment of the
patient’s pathologic fracture risk. The develop-
ment of a pathologic fracture not only com-
plicates and increases the cancer-related bone
pain, but also significantly increases the overall
patient mortality and morbidity. Unfortunately,
reproducible assessment of the fracture risk sec-

ondary to bone cancer is difficult and other med-
ical factors associated with the patient’s condi-
tion and prognosis must be integrated into any
decision regarding surgery [12, 40].

The final and most common means for man-
aging bone cancer pain is through medications.
Various combinations of anti-inflammatory
drugs, narcotics, and other analgesics can be
effective [63]. Bone cancer pain often responds
well to opioids, albeit at significantly higher
doses than those used outside of oncology. Sys-
temic medical management is particularly poor
in addressing breakthrough pain. Limitations
such as the side effects of narcotics or other
medications when taken at high doses (opioids,
NSAIDs, etc.) can have major effects on the ade-
quacy of pain relief. For example, non-steroidal
anti-inflammatory medications increase the risk
of gastrointestinal bleeding and cardiovascular
events, whereas increasing opioids may cause
constipation, reduced cognitive acuity, and
respiratory depression [33, 40, 50, 62, 63].

New treatment modalities are desperately
needed for bone cancer pain. Advances in
early cancer detection and cancer treatment
have increased the length of survival in many
cancers. Even though the length of survival
has increased, the patient-reported quality of
life during advanced stages of cancer has not
improved. New treatments need to be devel-
oped and will depend upon development and
study of novel animal models that recapitulate
bone cancer pain experienced by patients during
advanced stages of cancer. With the aid of animal
models, the cellular and molecular mechanisms
responsible for causing bone cancer pain can be
identified. With better molecular/cellular under-
standing of pain mechanisms, patient-specific
and disease-specific treatment strategies can be
developed.

11.3 Animal Models Used
to Study Bone Cancer

Animal models studying the origin and persis-
tence of bone cancer pain at different anatomic
sites (femur, humerus, tibia, calcaneus) and of
varied histological origin have been validated
and developed in both rats and mice [8, 32,
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Figure 11.2.  Cartoon depiction of a femur with a cancerous lesion located in the diaphyseal portion of the bone. Because the stability of the bone
appears compromised by the lesion, an intramedullary nail has been implanted. Reprinted with permission from Harrington [29]. Copyright © 1997
American Cancer Society. This material is reproduced with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.
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42, 48, 72, 82]. Systemic and local injections of
tumor cell lines have been employed to study
bone cancer in animal models.

Systemic administration of cancer cell lines
has been accomplished via intracardiac or tail
vein injections (see Chapter 12). While this
model may mimic metastatic spread of cancer
cells to bone, the potentially widespread and
unpredictable sites of cancer make the model
poorly suited to study bone cancer pain. Mod-
els using direct injection of cancer cells into the
femur, humerus, tibia, or calcaneus have advan-
tages in studying bone cancer pain and have
been used widely (Fig. 11.3). The direct injection
of tumor cells into specific sites enables repro-
ducible and focused analysis of pain-related
behaviors, neurochemical changes within rele-
vant levels of the spinal cord and dorsal root
ganglia (Fig. 11.2), bone and tumor histology
(Fig. 11.4), and radiographic development of
disease. Mice are smaller and thus introduc-
tion of tumor cells is more labored and requires
a surgical knee stifle. The use of the murine
model has been more advantageous secondary
to the availability of a larger number of cell
lines (e.g., 2472 sarcoma, B16 melanoma, C26
colon adenocarcinoma). Additionally, immuno-

compromised mice have been used to study
human cancer cell lines [16, 53, 58]. Finally,
genetically altered knockout mice are in use
and offer further advantages for future gene-
specific testing and mechanistic study. Rats
have a larger bone size which enables intro-
duction of cancer cells via percutaneous injec-
tion into the tibia, without violating the knee
joint.

Following injection of murine osteolytic
tumor cells into the intramedullary canal of the
femur, tumor growth and destruction of bone
occurs, pain-related behaviors (ongoing and
movement-evoked) appear, progressive neuro-
chemical changes occur, and increases in the
number and size of osteoclasts at tumor sites is
noted. A critical component of this model is to
confine the tumor cells within the bone without
invading the soft tissues, as this more accurately
represents findings in humans. Pain behaviors
develop 10 days following injection and con-
tinue to escalate until severe impairment occurs
between 17 and 21 days. At this point, fractures
become evident. Mice are observed for behav-
iors of guarding the affected limb, decreased
limb use of the affected femur, and development
of other activity-related pain behaviors. Each of

Figure 11.3.
control femora. (B) Tumor-bearing femora illustrating replacement of bone marrow with tumor cells and osteolysis (arrowhead). (C) Radiographs
highlighting the bone destruction scoring system by showing control bone (0, no loss) and progressive bone loss in tumor-bearing bones (1-3).
Reprinted with permission from Schwei et al. [72]. Copyright 1999 by the Society for Neuroscience.

Osteolytic bone destruction scoring system after intrafemoral injection of tumor cells. (A) Normal bone marrow and intact bone in
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Figure 11.4.  (ancer-induced reorganization of the central nervous
system. Chronic cancer pain can cause significant alterations in the cen-
tral nervous system. Confocal imaging of glial fibrillary acidic protein
(GFAP) expression in the L4 segment of a tumor-bearing mouse spinal
cord shows an increase in the number of astrocytes on the left side of the
spinal cord, which receives sensory innervation from the tumor-bearing
extremity vs. the right side of the spinal cord which is not transmitting
painful stimuli to the brain. Reprinted from Luger et al. [41], Copyright
2005, with permission from Elsevier.

these behavioral measures increases with extent
of bone destruction and neurochemical mea-
sures of pain [9, 10, 44-46]. In the direct injec-
tion model, allodynic pain is observed in mice,
once significant bone destruction has occurred.
At this point, normally non-noxious palpation of
the affected limb results in behaviors indicative
of severe pain; this behavior also correlates with
extent of bone destruction and neurochemical
measures of pain.

In the direct injection model, radiographic
analysis of bone destruction can be described as
osteolytic in nature with a “moth-eaten” appear-
ance at distal and proximal regions of the femur.
This finding is similar to what is seen in humans
affected with aggressive, painful bone cancers.
Histological assessment has shown tumor pres-
ence within the intramedullary space, as well as
an increase in the number of activated osteo-
clasts. Many features of the murine direct injec-
tion model of bone cancer pain are impor-
tant as they validate the clinical similarity
between the murine model and clinical find-
ings in humans. This experimental model there-
fore provides a platform for an integrated sys-
tems approach to the study of bone cancer pain
with the simultaneous assessment of pain behav-
iors, neurochemical changes, bone histology,
and radiography.

Bone contains a rich network of primary
afferent sensory neurons and sympathetic fibers
embedded in the periosteum, in mineralized
bone, and bone marrow [30, 31, 42] (Fig. 11.4).
Primary afferent neurons transmit information
from the peripheral tissue back to the spinal
cord and brain. The cell bodies of sensory
fibers which innervate the skeleton are con-
tained in the dorsal root ganglia [56]. There are
two major types of sensory fibers: myelinated
A fibers and smaller-diameter unmyelinated C
fibers. Large diameter A p fibers mostly con-
duct non-painful stimuli applied to skin, joints,
muscles, and therefore normally do not con-
duct noxious or painful stimuli [19]. Most small-
diameter sensory fibers (unmyelinated C fibers
and finely myelinated A delta fibers) conduct
noxious or painful stimuli and are termed noci-
ceptors [56]. Nociceptors can detect physical and
chemical stimuli [6, 35]. They transmit nox-
ious or painful stimuli and respond to factors
or conditions that transmit pain. Stimulators
include bradykinin, prostaglandins, endothe-
lins, nerve growth factor, and acid condition
channels (ASIC, TRPV-1). Study of the possibil-
ity that these factors and conditions affect bone
cancer pain has greatly increased our under-
standing of pain generation and has identified
potential targets for therapeutic intervention.

Alterations in the normal skeletal remod-
eling at sites of bone cancer have led to
an increased understanding of the complex
cellular interactions which occur at sites of
tumor and may contribute to bone cancer
pain. Histologic and radiographic analysis of
osteolytic (bone destroying) tumors in experi-
mental models have consistently demonstrated
an increase in mature osteoclasts. Osteoblastic
(bone forming) tumor cell lines (ACE-1) have
been shown to cause an increase in both osteo-
clasts and osteoclastic activity. It is notewor-
thy that both osteolytic and osteoblastic cancers
are characterized by osteoclast proliferation and
hypertrophy [11].

Pain generation and maintenance may be
derived from alterations in normal skele-
tal remodeling, tumor-released products, and
tumor-induced remodeling of the sensory inner-
vation of bone (Fig. 11.5). Targeted therapeutics
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Figure 11.5.

Bone destruction following injection of osteolytic sarcoma cells into the intramedullary space of the femur. H&E staining of normal

and 17 day sarcoma-bearing femora which illustrates that there is a clear separation of mineralized bone (pink) and marrow cells (deep blue) in normal
bone. In contrast, the intramedullary space of the tumor-bearing femora has been infiltrated with sarcoma cells (purple). Reprinted from Luger et al.

[41], Copyright 2005, with permission from Elsevier.

using the findings from this work may be used
to develop new therapies.

11.4 Therapeutics and Skeletal
Remodeling

Studies of the osteoclast-inhibiting agent alen-
dronate in a murine model have shown that bis-
phosphonates attenuate tumor-induced changes
in pain, central and peripheral neurochemi-
cal changes, and reduce osteoclast number and
activity. Alendronate treatment did not affect
tumor burden, as both tumor growth and tumor
necrosis were increased [74]. Clinical use of bis-
phosphonates has been shown to reduce pain in
skeletal metastases [7, 23, 43].

Another osteoclast treatment strategy that
holds promise for targeting osteolysis and
pain is blockade of the RANK-RANK ligand
(RANKL) interaction. This has been shown
experimentally using osteoprotegerin (OPG), a
decoy receptor that binds to RANKL and thus
prevents the survival, formation, and prolifer-
ation of osteoclasts [14, 52, 79]. Studies in the
2472 sarcoma model have shown a decrease in
pain behavior and a significant decrease in oste-

olysis and pain behavior. The use of this treat-
ment strategy is under way in clinical trials.

The tumor microenvironment is comprised
of a variety of cell types, including inflam-
matory cells, bone cells, hematopoietic cells,
and cancer cells. Various pro-inflammatory fac-
tors have been shown to be released at sites
of painful tumors and are supposed to sen-
sitize or directly excite nociceptors, including
prostaglandins, endothelins, interleukins, epi-
dermal growth factor, tumor necrosis factor
alpha, and transforming growth factor beta [15,
17, 24, 54, 55, 59, 61, 66, 68, 78, 81, 83-85].
Each of these factors may play a role in the
development and maintenance of bone cancer
pain.

Cyclooxygenase (COX) isoenzymes are
expressed at high levels by both cancer cells
and tumor-associated macrophages. The
presence of COX isoenzymes produces high
levels of prostaglandins [20, 37, 51, 57, 75].
Prostaglandins are synthesized from arachi-
donic acid by COX-1 and COX-2 isoenzymes
and are involved in many processes that occur
at sites of bone cancer [28, 39, 47, 67, 76,
80, 86]. These processes include angiogen-
esis, bone homeostasis, inflammation, and
tumorigenesis.
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Prostaglandins modulate tumor growth,
survival, and angiogenesis. Animal studies
using COX-2 inhibitors to treat bone cancer
pain have shown a decrease in ongoing and
movement-evoked pain, reduced neurochemical
changes, and retarded tumor growth [69].

Proximal Head

Diaphysis

Distal Head

Figure 11.6.

COX-2 inhibitors may provide incremental
improvement for humans with bone cancer
pain.

Endothelins are expressed by several tumor
types (prostate, colon, lung) and are suspected
to contribute to the development of bone can-

Micro-computerized tomography of the mouse femur (A). A schematic diagram (B) illustrating the sensory fibers within the miner-

alized bone and periosteum. Note that the periosteum has the densest innervation of sensory fibers. However, taking into account the total volume
the sensory and sympathetic innervation, the greatest volume is in the mineralized bone followed by the bone marrow and finally the periosteum.
Reprinted from Mach et al. [42], Copyright 2002, with permission from Elsevier.
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maintenance of cancer-induced bone pain and may mediate neurochemical reorganization in the dorsal root ganglia or the spinal cord with advanced
disease. Reprinted with permission from Halvorson et al. [26].
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cer pain [2, 3, 5, 38]. The biologic activity of
endothelin is mediated by two receptor types
(ETaR and ETbR). ETaR is expressed on sensory
neurons and vascular smooth muscle cells, while
ETDbR is expressed on nonmyelinating Schwann
cells, endothelial cells, smooth muscle cells, and
macrophages. Direct application of endothelins
onto peripheral nerves has induced pain in ani-
mal studies [16]. Administration of the selective
endothelin A receptor antagonist significantly
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reduces ongoing and movement-evoked cancer
pain, as well as reduce many of the neurochem-
ical indices of peripheral and central sensitiza-
tion [60].

Bradykinin is released in response to tis-
sue injury and inflammation and therefore is a
potential target for treating bone cancer pain.
There are two bradykinin receptors, Bl and B2.
B1 receptors are normally expressed at low lev-
els by sensory neurons and are upregulated after
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Figure 11.8.  Mechanism-based therapies currently available or under investigation in animal models of bone cancer pain. Reprinted with permis-

sion from Halvorson et al. [26].
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peripheral inflammation and/or tissue injury. B2
receptors are normally expressed at high levels
on sensory neurons. Animal studies using a Bl
antagonist have been shown to reduce ongoing
and movement-evoked pain [13, 22, 73].

Nerve growth factor (NGF) has been shown
to modulate inflammatory and neuropathic pain
states in animal models [4, 36, 77] and may
be involved in the survival and proliferation
of some tumor cells [18]. NGF is expressed in
inflamed and injured tissue. This growth fac-
tor activates sensory neurons expressing the
NGF receptors trkA receptor or p75. Treatment
of mice with anti-NGF sequestering antibod-
ies has provided profound pain relief, but has
had no effect on bone remodeling, osteoclast or
osteoblast proliferation, tumor growth, or inner-
vation of bone. Shockingly, the reduction in pain
observed in mice was as effective or greater than
high-dose opioid analgesics [27].

Examination of the mechanisms that drive
bone cancer pain suggests that bone cancer pain
is associated with damage to sensory neurons.
The observed neurochemical changes are sim-
ilar to those that have been described follow-
ing peripheral nerve injury. The clinical use of
gabapentin and pregabalin in the treatment of
chronic neuropathic pain syndromes is increas-
ing and is effective in treating post-herpetic neu-
ralgia and diabetic neuropathy. The exact mech-
anisms of gabapentin and pregabalin action are
not well understood. Animal models of bone
cancer pain have shown that gabapentin treat-
ment reduces pain, but has no effect on tumor
growth, osteolysis, or neurochemical alterations
produced by bone cancer [60]. This suggests that
a component of bone cancer pain is due to injury
of primary afferent nerve fibers.

The mainstay of treatment for bone can-
cer pain has been opioid analgesia. How-
ever, the doses required for advanced bone
cancer pain produce significant side effects.
These include sedation, constipation, respi-
ratory depression, and cognitive impairment.
Therapies that specifically target the mecha-
nisms responsible for the production and pro-
gression of bone cancer pain are needed. Future
treatment using a combination of therapies that
collectively target multiple mechanisms driving
bone cancer pain will likely improve clinical

management of this devastating condition
(Figs. 11.6,11.7, and 11.8).
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12.1 Introduction

Advanced cancers commonly result in metasta-
sis to bone where interactions between the can-
cer cell and the bone microenvironment produce
predominantly osteoblastic or osteolytic lesions.
In humans bone metastasis is observed in 60-
85% of advanced cancers from tissues as dis-
parate as prostate, breast, kidney, and lung [9].
In animals, however, spontaneous bone metas-
tases are uncommon and investigation of the pat-
terns of bone metastasis mimicking human can-
cer dissemination is challenging. Experimental
models of bone metastasis consist of injections
of cancer cells or tissue orthotopically, intracar-
dially, intravenously (via the tail vein), or directly
intraosseously into immunocompromised hosts,
mostly mice, and, rarely, other small mammals
such as dogs and cats. SCID-hu xenograft mod-
els allow for the engraftment of human bone
in SCID mice, followed by colonization of can-
cer cells. This allows direct study of bone col-
onization with a mostly human bone fragment,
intended to reveal histopathological phenotypes
that correspond to human bone metastases. Neo-
plasms that arise spontaneously in mice or rats
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have been used to establish syngeneic cancer
cells: host models where bone metastasis can be
studied in the context of a competent immune
system. Advances in transgenic technology uti-
lizing newly discovered transforming genes have
increased the number of strains that exhibit over-
all and organ-specific tumor formation. They
also have yielded models that simulate some
aspects of tumor progression to cancer and dis-
tal metastases. Notwithstanding these advances,
few of the models exhibit the high incidence of
metastases to bone as seen in humans. A vari-
ety of human cancer-derived xenografts remain
the most widely used to study cancer-bone inter-
action. Cancer tissue fragments are grown in
immunocompromised hosts and established as
xenografts. The xenografts, in turn, are ana-
lyzed for relevant biomarkers from the tissue of
origin. Cell cultures then are established which
are passed to the host, either by injection or
serial passage of xenografted tumor pieces, in
an attempt to produce highly aggressive variants
that metastasize spontaneously. Some of these
models have shown long latency with a high
degree of specificity for metastasis to bone, also
leading to spinal compression and paraplegia.
An example of long latency is the LNCaP human
prostate cancer (PCa) progression model. Other
models have short latency, with poor specificity
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for bone, as is the case for the surgical orthotopic
implantation model.

Many growth factors and pro-metastatic fac-
tors have a pivotal role in chemotaxis and bone
metastasis. Once cancer cells have metastasized
to bone, Interactions between bone stromal cells
and cancer cells determine the extent of can-
cer cell growth and bone destruction or forma-
tion. Whether a given bone is actively remodel-
ing or quiescent also plays a role in the cancer-
bone microenvironment interaction. Few mod-
els exist to analyze the cancer-bone interac-
tion in vivo during conditions of active bone
remodeling. Our laboratories have used the
hindlimb suspension system to examine how
alterations in bone turnover affect coloniza-
tion by tumor cells and whether bone turnover
affects transition from cancer dormancy to full-
blown metastatic bone lesions. This chapter pro-
vides an overview of available animal mod-
els that metastasize to bone with high fre-
quency. Where possible, we have included the
following categories of induction of bone metas-
tasis: spontaneous, syngeneic, transgenic, and
the various routes of human xenograft delivery.

12.2 Breast Cancer

It is estimated that in 2007, 178,480 women
were diagnosed with breast cancer (BCa) [66],
and that some 40,460 women died from the
disease. The median survival of patients with
metastatic BCa is 2-3 years. Approximately 80%
of patients whose BCa has metastasized develop
bone lesions. This makes BCa the number one
cancer with metastatic bone involvement [118].
Although 60-80% of BCa samples [79] express
the estrogen receptor (ER), ER expression is less
prevalent in distal metastases. These are among
the reasons why adequate models for the study
of BCa metastasis to bone need to be developed.

12.2.1 Models for the Study of Breast
Cancer Metastasis to Bone

12.2.1.1  Spontaneous

Spontaneously arising murine mammary car-
cinomas do not metastasize to bone. How-

ever, bone metastasis models have been devel-
oped that use spontaneous mammary tumor
cells. Some inbred strains of laboratory mice
carry Mouse Mammary Tumor Virus (MMTV),
or other mutations. These confer benign and
malignant neoplasms whose incidence differs
in different mouse strains [103]. These models
are poorly metastatic and largely ER-negative;
as such, they are on the whole poor choices for
studying metastatic BCa.

The first model of spontaneous bone metas-
tasis used the 4T1 cell line, a clonal tumor cell
line that is derived from a spontaneous tumor,
expressing MMTYV, in a BALB/cfC3H mouse [27,
53]. This cell line spontaneously metastasizes to
the lungs and liver in approximately 1 month
[7]. In what is essentially a syngeneic, orthotopic
progression model (see next section), injection
of these 4T1 cells into the mammary fat pad
of BALB/c mice results in metastasis to bone.
Two clonal variants of this tumor line, 4T1.2 and
4T1.13, produced overt, spontaneous metastases
in the spine and femur. This was profiled using
a quantitative reverse transcription polymerase
chain reaction (Q-PCR) assay confirmed on tis-
sue sections stained with hematoxylin and eosin
(H &E) [82].

The metastatic 4T1.2 and 4T1.13 cell lines
are more adhesive to Matrigel, a basement
membrane preparation, and much more migra-
tory and invasive than the nonmetastatic sub-
lines. Mice bearing 4T1.2 and 4T1.13 tumors
also had higher serum calcium and parathy-
roid hormone-related protein (PTHrP), a potent
stimulator of bone resorption, levels than mice
without bone metastases. These findings indi-
cate that bone turnover is significant and that the
animals have osteolytic bone disease, as is true
for most human BCa [20, 91]. The metastatic
cells also had increased expression of a number
of genes that encode ECM proteins, including
the matrix protein POEM, which, when silenced,
reduces metastasis to lung, kidney, and bone [3].

12.2.1.2  Syngeneic

A major benefit of syngeneic model systems is
that they allow cancer modeling in an immuno-
competent host. They do not, however, allow
for an analysis of the determinants of human
metastatic disease. A few murine cell lines have
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been developed in syngenic models for the study
of BCa metastasis.

The Walker 256 carcinosarcoma rat tumor,
discovered in 1928, arose spontaneously in the
mammary gland of a pregnant albino rat. When
Walker tumor cells are injected into the iliac
artery of Walker rats, lesions form and the tibia
and femur are destroyed after 7 days [67]. Bone
lysis can be overcome in these rats by bis-
phosphonate therapy [67]. When Walker tumor
cells are implanted into the femur, bone min-
eral content decreases, as demonstrated with
micro-computed tomography (microCT), X-ray
absorptiometry (DXA), and quantitative com-
puted tomography (pQCT). Treatment with the
bisphosphonates partially inhibits bone lysis
[80, 84, 85, 80, 81]. When bisphosphonate treat-
ment is combined with irradiation, the bone
remineralizes and becomes more stable [81].
When Walker 256 Line A cells are injected into
the gastrocnemius muscle of rats, the nearby tib-
ias are invaded within 14 days [47].

The 13762 syngeneic rat tumor cell line,
implanted in the mammary glands of Fisher
344 rats, metastasizes to lymph nodes and
lung [99], and, when implanted in the proxi-
mal tibia, these tumor cells induce osteolysis
after 7 days, which is suppressed with bisphos-
phonate treatment. Interestingly, immunohisto-
chemistry demonstrated that these tumor cells
express PTHrP and transforming growth factor-
beta 1 (TGF-P1), a further sign of their osteolytic
nature [5].

12.2.1.3  Xenografts
12.2.1.3.1 Orthotopic Injection

Orthotopic injection [87] of human cancer cell
lines is the current method of choice to study
cancer metastasis, but bone metastasis in this
model is infrequent. Both MDA-MB-231 and
MDA-MB-435 cell lines produce tumors when
injected subcutaneously, but tumors arise in
only about 40% of animals, and the result-
ing metastasis is very disappointing. However,
when these cells are injected orthotopically into
the mammary fat pad, 80-100% of nude mice
develop metastases within 20 weeks. Common
sites of metastatic spread include lymph node
and lungs, and to a lesser extent, brain, heart,

adrenal glands, and muscle. Distal metastases
are established in 70% of mice by 8 weeks [113].
However, MDA-MB-435 cells fail to metastasize
to bone after orthotopic implantation.

12.2.1.3.2 Intracardiac Injection

Direct injection of the cloned subline of B16
murine melanoma cells G3.26 into the arte-
rial circulation led to the earliest success in
inducing skeletal metastases in mice [6]. Since
then, the technique has been modified to inject
human cancer cell lines into nude mice. Injec-
tion of MDA-MB-231 results in the high fre-
quency and preferential formation of osteolytic
bone metastases that can be detected by stan-
dard X-ray imaging [69]. By contrast, metastasis
to organs other than bone is much less frequent.
When MDA-MB-231 cells were transfected with
a constitutively active TGF-f type I recep-
tor, PTHrP levels and osteolytic bone metas-
tases were increased. PTHrP appears to have
a direct effect on enhancing bone metastasis,
inasmuch as injection of MDA-MB-231 trans-
fected with PTHrP ¢cDNA and the dominant-
negative TGF-f type II receptor, accelerated
bone metastasis and decreased survival [153].
The MDA-MA-MB-231-dervied cell line, SCP2,
produced extensive osteolytic lesions in the dis-
tal femur, illac crest, sacrum, and vertebral
body 8 weeks after intracardial injection into
immunodeficent mice. The authors of this study
used luciferase-based noninvasive biolumines-
cence imaging to mointor metastasis, and a
bone-metastasis gene expression signature to
predict bone-metstaizing BCa cells. Such an
approach is clinically useful for prediciting pat-
terns of organ-specfic metastasis in BCa patients
[89]. Osteolytic bone metastases of MDA-MB-
231 cells after intracardial injection are inhib-
ited by the bisphosphonate, risedronate in nude
mice. This bisphosphonate reduces tumor bur-
den selectively in bone, wherease tumor growth
in soft tissues is unaffected [120].

12.2.1.3.3 Intravenous Injection

Intravenous (IV) injection of BCa cells into the
tail vein of nude mice has led to widespread
metastasis and has permitted selecting subpop-
ulations of highly metastatic cells. For example,
the bone metastatic BO2 cell line was established
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following injection of MDA-MB-231 BCa cells
into the tail vein. Because BO2 cells have higher
levels of ayf; integrin, they induce twice as
many osteolytic lesions and cause the metasta-
sized bone area to increase fivefold [105].

12.2.1.3.4 Intrafemoral/Intratibial Injection

Intrafemoral/intratibial injection of cancer cells
is not appropriate to elucidate early rate-limiting
steps of the metastatic cascade, but provide a
powerful technique to model the interactions
between cancer cells and the bone microenvi-
ronment. For example, intrafemoral injection of
MDA-MB-435 cells produces tumors that can be
detected in less than 4 weeks by standard imag-
ing techniques [138]. Injection into the intratib-
ial artery followed by ligation of the artery deliv-
ers the BCa cells directly to the bone microenvi-
ronment, and prevents further spread of tumor
cells. Osteolytic lesions are visible in 95% of
injected animals within 18 days, and tibial bone
mineral density is significantly reduced 42 days
later [100].

12.2.1.3.5 SCID-hu Mouse Models

The recently developed SCID-hu recombinant
models represent a new frontier for the study of
in vivo modeling of cancer metastasis to bone.
In this model, fetal or adult human bone tissue
is injected into SCID mice. This (1) allows mod-
eling the interaction between human cancer cells
and bone tissue, (2) provides specificity regard-
ing the preferential colonization of human bone
(as opposed to murine bone) by human cancer
cell lines, and (3) demonstrates the importance
of local factors produced by the bone microen-
vironment and the metastatic cancer cells.

In one study, Kuperwasser et al. [83] used tis-
sue from discarded femoral heads of patients
undergoing total hip replacement. Bone cores
were implanted subcutaneously into the dor-
sal flanks of 5-week-old NOD/SCID mice. The
integrity of the implanted human bone tissue
was verified.

This should be combined with previous para-
graph model was then used to identify BCa
cell lines that displayed osteotropism. Only
SUM1315 were able to colonize human bone, but
there was no metastasis to the lungs, notwith-
standing the systemic dispersal of cancer cells

by this technique. Interestingly, implantation of
SUM1315 into the mammary fat pad resulted in
lung and bone metastasis in 12 weeks.

12.2.1.4 Transgenic

There is no transgenic model of BCa that leads
to metastatic bone lesions. Regardless of HER-
2/neu expression status, the rapid onset and
growth of primary tumors, accompanied by
extensive lung metastasis, precludes detection of
bone lesions [23, 65, 92, 102, 125, 154]. From
this it is evident that even cooperative pathways
that enhance tumorigenicity and metastasis to
the lung do not confer bone metastasis. An alter-
native approach that facilitates the metastatic
spread of mammary tumors to bone is to overex-
press PTHrP in the mammary fat pad of mice, in
conjunction with treatment with 9,10-dimethyl-
1,2-benz-anthracene (DMBA), a known mam-
mary carcinogen [148]. In that study, 84% of
K-14 PTHrP transgenic mice had developed
mammary tumors within 1 year, as compared
with only 59% of control mice. This indicates
that PTHrP mice readily developed mammary
tumors when treated with DMBA. The trans-
genic mice tended to develop tumors sooner
than controls. They also were hypercalcemic.
Twenty-two percent of the transgenic mice dis-
played overt metastases including lung and liver,
but there was no bone metastasis.

12.3 Lung Cancer

Eighty-seven percent of all lung cancers are
thought to be tobacco-related [115]. Lung can-
cer, therefore, is the single most preventable
cause of cancer deaths. The World Health Orga-
nization estimates that the 5.6 million cigarettes
smoked at the close of the twentieth century will
cause nearly ten million fatalities per year by
2030 [79]. In the United States some 213,380 new
cases of lung cancer were predicted to occur in
2007 [66]. The 5-year survival rate for patients
with lung cancer is about 15%, and for those
with stage IV disease it is less than 5% [66,79].
Approximately 60% of SCLC and 30-40% NSCLC
patients present with stage IV metastatic dis-
ease [79], and lung cancer is the fourth most
prevalent cancer to establish metastasis to bone
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[37,118]. The need for models to study the
development, progression, and prevention of
metastatic disease is obvious.

12.3.1 Models for the Study of Lung
Cancer Metastasis to Bone

12.3.1.1 Spontaneous

Spontaneous lung tumors occur rarely in ani-
mals. In mice and rats the rarity of spontaneous
lung cancers makes them impractical as metas-
tasis models. In B6C3F1 mice, adenomas occur
in about 16% and carcinomas in 5% of the ani-
mals [50], but metastases are practically non-
existent [28]. The rates are even lower in rats.

12.3.1.2  Syngeneic

There are very few syngeneic models for
the study of lung cancer metastasis to bone.
However, subcutaneous injection of a PTHrP-
overexpressing cell line referred to as IP, which
itself was derived from a spontaneously arising
caudal lobe tumor of the left lung in a 25-month-
old male F344/DuCrj rat, resulted in severe
emaciation, hypercalcemia, hypophosphatemia,
a decrease in femur shaft thickness, and an
increase in osteoclastic areas [97]. IP cells may
therefore actively induce bone resorption, and
subclones may successfully colonize bone. In a
subsequent publication, the authors derived an
IP subclone, termed IP-B12, and injected it into
the left ventricle. This led to osteolytic metas-
tases in long bones and vertebrae, followed by
osteolytic fractures and nerve compression, and
extensive replacement of marrow by tumor cells
[96].

Recently, the Lewis lung carcinoma (LLC)
model, which consists of cells derived from a
spontaneous murine lung cancer, was shown
to weakly colonize bone marrow 4 weeks
after intravenous injection into syngeneic
hosts, when LLC were covered with platelet-
derived microvesicles [63]. Conceivably this
ability to colonize bone may be amenable to
genetic manipulation, so as to increase bone
colonization.

12.3.1.3  Xenograft
12.3.1.3.1 Orthotopic

The NCI-H460 cell line was derived from the
pleural effusion of a patient with a large cell lung
cancer. This cell line has been used in both nude
mice and rats [57] and reliably produces skele-
tal metastasis in up to 75% of animals, 32 days
after orthotopic implantation (SOI) of subcuta-
neously grown tumor pieces into the left lung.
To enhance the detection of metastatic lesions
in nude mice, AntiCancer, Inc. (San Diego,
CA) produced GFP-expressing H460 cells and
orthotopically implanted (SOI) subcutaneously
grown tumor tissue into the left lung. SOI led
to contralateral lung and chest wall metasta-
sis and seven out of eight tumors metastasized
to the skull, tibia, femur, and marrow [150].
The metastatic lesions due to these cells were
not detectable under light microscopy, in con-
trast to the report by Howard et al. [57], but
were detectable under fluorescent microscopy.
Therefore, when cancer cells are made to over-
express marker proteins, their in vivo behavior
may alter and care should be taken to preserve
their robustness.

In order to select variants of the NCI-
H460 cell line with increased in vivo metastatic
potential, Liu et al. [85] used endobronchial
implantation followed by isolation of cells from
metastatic lesions in the mediastinal lymph
nodes, followed by five rounds of consecu-
tive orthotopic reimplantation. This resulted in
the isolation of the NCI-H460 variant H460SM.
These cells spontaneously metastasize to a vari-
ety of soft tissue organs without using tumor
pieces as well as to bone when implanted ortho-
topically in the lungs of nude rats. Eighty-three
percent of the cancers metastasized to bone,
compared with 8% by the parental cell line.
Unfortunately the report [90] does not state
when metastasis occurred.

12.3.1.3.2 Intravenous

The first ever reported attempt to develop a lung
cancer model of skeletal metastasis via intra-
venous delivery of lung cancer cells in nude
mice involved the injection of the small cell
lung cancer (SCLC) cell lines SBC-5, SBC-3,
SBC-3/ADM, H69, and H69/VP into the lateral
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tail vein of natural killer (NK) cell-depleted
SCID mice. Of these cell lines, only SBC-5 cells
reproducibly developed hypercalcemia and oste-
olytic bone metastases [88]. Initial lesions were
detected at day 28 and 100% of animals had
osteolytic lesions by day 35 post-injection. Sites
of metastatic lesion formation included ver-
tebrae, hindlimbs, pelvis, and scapulae. The
mice also developed metastasis to the lungs,
liver, kidney, and lymph nodes. In this study,
SBC-5 cells expressed high levels of PTHrP.
Subsequently, it was shown that intravenous
delivery of anti-PTHrP antibody significantly
diminished the development of osteolytic bone
metastasis and of concomitant hypercalcemia in
SBC-5-injected mice, but had no effect on the
metastasis to other visceral organs [87]. Further-
more, a recent study utilizing this model sys-
tem indicated that induction of murine osteo-
clast apoptosis with reveromycin A resulted in
a significant decrease in the formation of bone
lesions, but had no effect on the formation of
visceral metastasis (Fig. 12.1) [90]. SBC-5 intra-
venous tail injection model can provide insights
into the molecular mechanisms of the interac-
tion between SCLC cells and cellular elements of
the bone microenvironment, as well as provide a
useful preclinical system to assess the efficacy of
novel therapeutics on colonization and growth
of SCLC in bone.

12.3.1.3.3 Intracardiac

A bone metastasis model was developed by
injecting human HARA lung squamous cancer
cells into the left cardiac ventricle of nude mice.
These cells strongly express and secrete PTHrP.
Bone metastases appeared at 4 and 8 weeks
after inoculation, but were reduced when the
mice were treated with an anti-PTHrP antibody.
Increased serum calcium levels were found in
mice with bone metastases at 8 weeks after inoc-
ulation [60]. When HARA cells were co-cultured
with neonatal mouse calvariae, several genes
were upregulated, including PTHrP and ezrin,
a molecule concentrated in cell surface projec-
tions and linked to the spread of many cancers.
At sites of bone metastasis, PTHrP and ezrin
were upregulated in HARA cells. TGF-B1, which

RM-A

Control

Figure 12.1.  Bone-specific anti-metastatic effect by reveromycin A.
SBC-5 lung cancer cells (1 x 10° per mouse) were i.v. inoculated into NK
cell-depleted SCID mice on day 0. The mice were i.p. administered daily
with or without reveromycin A (10 mg/kg) from day 7. Bone metastasis
was assessed by X-ray photography on day 35. Arrows indicate osteolytic
lesions. Comparing treated to control for bone versus liver and lung, one
can see the bone-specific effects of reveromycin A as measured by oste-
olyticlung lesions in bone. Other tissues had no difference in the number
of metastases. (Reproduced from Muguruma et al. [90] with permission
from the American Association for Cancer Research.)

is prevalent in bone marrow, also upregulated
ezrin expression [25].

12.3.1.3.4 Intrafemoral/Intratibial

The A549 NSCLC cell line is capable of form-
ing mixed osteoblastic/osteolytic (osteoscle-
rotic) lesions when injected intratibially in nude
mice. Treatment with recombinant RANK-Fc
significantly reduced intratibial tumor size at
8 weeks following injection (~11,000 mm?® vs.
700 mm?®). When noggin overexpression was
combined with RANK-Fc treatment, the intrat-
ibial tumor volumes approached those of sham
controls [33]. Therefore, the intratibial injection
of A549 cells is an adequate model to investigate
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the final stages of the metastatic cascade and
allows modeling therapeutic efficacy in well-
established bone lesions.

12.3.1.3.5 SCID-hu Models

A major drawback of the xenograft model sys-
tems is that they induce human cancer cell
metastasis in non-human target organs, includ-
ing bone. SCID-hu chimeric models, on the
other hand, have begun to address the prob-
lem of cancer cell: host target tissue dispar-
ity. In one such study, samples of human fetal
femur and tibia (HFBM) were subcutaneously
implanted into SCID mice, subjected to sublethal
whole-body irradiation, followed by the injec-
tion of SCLC via the lateral tail vein [124]. The
number of osteolytic tumors was significantly
higher in grafts injected for shorter periods of
time. For example, the cell line N4BM colonized
HFBM in 65% of mice carrying implants for 3-6
weeks, but only occurred in 8% of the mice that
carried the implants for 6-8 weeks. The model
appears to be specific for human bone grafts,
inasmuch as no metastases were detected in
mouse bone [124]. The SCID-hu model is excel-
lent for the study of metastases in vivo, but has
the following defects: (1) the need for steps to
acquire human bone fragments, (2) the length
of time for the engraftment to take, (3) murine
vascular elements are part of the established
graft, and (4) the relatively slow rate of coloniza-
tion by the cancer cells. These defects notwith-
standing, the model constitutes a significant
step forward for the study of the initial interac-
tions between cancer cells and the human bone
microenvironment.

12.3.1.4  Transgenic

The number of transgenic models of lung cancer
that metastasize to bone are few in num-
ber. Meuwissen et al. [86] utilized the fre-
quent inactivation of trp53 and Rb in lung
cancer to develop conditional knockouts that
developed lung cancers that most resembled
SCLC, complete with associated neuroendocrine
components. They metastasized, however, only
to the liver. C-raf-overexpressing transgenics
produced multifocal lung lesions that closely
resemble lung adenocarcinoma, but there were

no metastases because the primary lesions
remained microscopic in size [119]. In another
approach, transgenic mice overexpressing 15-
lipoxyoxygenase (15-LO) in endothelial cells
under the control of the endothelin-1 promoter
were injected with Lewis Lung Carcinoma (LLC)
cells [49]. The 15-LO transgenic mice had longer
survival times and significantly reduced lung
metastases.

12.4 Prostate Cancer

PCa is the second leading cause of cancer deaths
in American men. In 2007 over 218,000 cases
of new PCa in American men were estimated
to have occurred and over 27,000 deaths [66].
Overall, 68% of PCa patients will have evi-
dence of disease in bone marrow, making PCa
the second cancer most likely to involve bone
[118]. It has been estimated that close to 90%
of advanced PCa metastasize to bone, where
myelosuppression or replacement accounts for
most PCa deaths [9]. As PCa progresses, hor-
monal ablation therapy becomes the main treat-
ment. Hormone therapy temporarily slows PCa
growth, but eventually PCa becomes refractory
to hormone treatment. Bone lesions, most com-
monly osteoblastic in nature, then result.

12.4.1 Models for the Study of Prostate
Cancer Metastasis to Bone

12.4.1.1  Spontaneous

Mice rarely develop spontaneous prostate carci-
noma [50]. Therefore, murine models of spon-
taneous PCa do not exist and murine models
rely instead on chemical mutagenesis or trans-
genic mice. Spontaneous prostate adenocarcino-
mas are somewhat more common for rats [108].

The Lobund-Wistar (L-W) rat was derived
from germfree inbred Wistar strain rats [72].
The seminal vesicle was the initial site of tumor
development [55], with additional early carcino-
mas found in the anterior dorsolateral lobes of
the prostate [19, 110, 130]. The initial tumors are
androgen-sensitive and spontaneously become
refractory, spreading to the lungs, and to the
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peritoneal cavity, subsequently invading vis-
ceral organs. They do not metastasize spon-
taneously to bone [111]. However, the Pollard
prostate adenocarcinoma (PA) PA-III cell line,
which was derived from the L-W rat with spon-
taneous hormone-refractory PCa, when trans-
planted adjacent to the rat skeleton, produces an
osteoblastic and osteolytic reaction at the site
[78].

The Dunning R3327 cell line was also
derived from a spontaneous tumor in a male
Copenhagen rat, derived from an inbred rat
strain and identified first by W.E. Dunning in
1961. Although no metastases were identified in
the original Dunning R3327 tumor, in vivo and
in vitro passage of the Dunning R3327 cell line
has generated sublines with varying androgen-
sensitivity and metastatic ability [61].

12.4.1.2  Syngeneic

The MAT-Ly-Lu cell line, a subline of the Dun-
ning R3327 model selected by isolation and
serial passage of Dunning R3327 metastases,
yields lymph node and lung metastases with
very high frequency, when injected intracar-
dially or intravenously into male rats. Inocu-
lation of androgen-insensitive MAT-Ly-Lu cells
into the left ventricle of the heart of Copenhagen
male rats results in osteoblastic and osteolytic
metastases to lumbar vertebrae and hindleg
paralysis [11, 48]. Metastatic MAT-Ly-Lu sub-
lines adhere to bone marrow-derived stromal
and endothelial cells. This supports the role cell
adhesion molecules play in the PCa metasta-
sis to bone [48]. uPA-overexpressing MAT-Ly-Lu
cells develop hindlimb paralysis more quickly
than controls, and lead to widespread metas-
tases in the ribs, scapula, and femora. Uroki-
nase overproduction leads to greater osteoblast
activity [3], whereas inoculation of PTHrP-
overexpressing cells results in skeletal metas-
tases with increased osteoclast activity, explan-
ing in part the osteoblastic nature of these
metastases. Intravenous injection of MAT-Ly-
Lu cells into the tail veins of Copenhagen rats
with occlusion of the inferior vena cava results
in metastasis in the lumbar vertebrae as well
as hindlimb paralysis. This is associated with
a transient increase in serum calcium levels, as
well as osteoblastic and osteoclastic responses in

the lumbar spine, visible microscopically within
4 days. The bisphosphonate, dichloro methylene
bisphosphonic acid, suppresses the metastatic
potential of the MAT-Ly-Lu cells and delays
hindlimb paralysis [41].

The PA-III cell line is one of four cell
lines that develops metastases spontaneously
in L-W rats. When transplanted to the cal-
varium or scapula of L-W rats, there is an
osteoblastic reaction and a local tumor devel-
ops in rat bone. For this to occur, disruption
of the local periosteum with the inoculating
needle is required [109]. The IGF-I receptor,
present on the surface of PA-III cells, medi-
ates the mitogenic effects of IGF-I, IGF-II, and
insulin. Conditioned medium from osteoblasts
stimulates proliferation of PA-III cells. This
suggests that osteoblast-derived IGF may have
a major role in promoting the establishment
of the PA-III tumor on the rat skeleton [112].

12.4.1.3  Xenograft
12.4.1.3.1 Orthotopic Injection

The LNCaP cellline, marginally tumorigenic PCa
cells derived from a human lymph node metasta-
sis [56], do not form bone metastases when inoc-
ulated orthotopically into SCID mice. Injection of
LNCaP cells into the prostate of SCID mice leads
to lymph node and pulmonary metastases, but
not bone metastases [121]. However, Thalmann
et al. [132, 133] developed a spontaneous bone
metastatic PCa model using the parental LNCaP
cell line with serial passage through hormon-
ally manipulated male mouse hosts. The LNCaP
cells acquire both metastatic and androgen-
insensitive properties when inoculated with bone
stromal cells in intact athymic nude mice fol-
lowed by castration and recovery. After several
rounds, human cancer cells then can be iso-
lated from the mouse hosts. C4-2, an androgen-
independentand bone-metastasizing subline was
derived from the parental LNCaP. When C4-2
was injected into the dorsolateral lobe of the
prostate, the cancer cells metastasized, eventu-
ally yielding the bone-derived sublines, C4-2B2-
B5. Chromosome analysis showed that these C4-2
bone-metastasis-derived sublines were of human
origin and contained marker chromosomes of
the original LNCaP isolated and used to initiate
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the study. Bone metastases were osteosclerotic,
and immunohistochemistry indicated both the
presence of prostate-specific antigen (PSA) and
androgen receptor (AR). Additionally, the spon-
taneous bone metastatic lines C4-2, C42B2-B5
had faster growth rates in vitro and were more
invasive than parental LNCaP. Others have gener-
ated a number of LNCaP, PC-3, and DU145 vari-
ants as reviewed by Sobel and Sadar [126]. Bone-
metastatic variants of PC-3 were isolated using
multiple cycles of orthotopic injections [107].
However, these cells metastasize predominantly
to the mandible and are uniformly osteolytic.
As such, they do not represent the most com-
mon pathology of human PCa. They are more
aggressive than the PC-3M variants derived by
Wang and Stearns [139]. Reproducible metasta-
sis to bone from LNCaP and Dul45 variants from
other investigators has not been as successful.
Therefore, the spontaneous bone-metastatic phe-
notype of the Thalmann et al. clones [136] con-
stitutes an important tool to study bone colo-
nization and therapeutic responses ofhuman PCa
cells.

Orthotopic injection of PC-3 and DU145 cells
into the NOD-SCID mouse, a cross between the
SCID and NOD mouse strains characterized by
a lack of functional antigen-presenting cells and
NK cells, yields metastases to a variety of soft
tissues, but not to bone. However, fragments of
a tumor from a subcutaneous xenograft, when
implanted orthotopically (SOI) in the prostate of
nude mice, produced extensive skeletal metas-
tases, including lesions in the skull, ribs, pelvis,
femur, and tibia, as well as metastases to many
soft tissues [151].

More recently, an orthotopic model of
metastatic PCa has been developed in NOD-
SCID mice grafted with human PCa tissue
fragments [140]. Regrafting in the anterior
mouse prostate led to lymph node metastases,
from which the PCal-met cell line was derived.
After 2 weeks, the mice developed multi-organ
metastases to soft tissues and bone. The
micrometastases of human origin in the bone
marrow of the mouse femur were confirmed
with a predominant osteolytic phenotype. This
represents a new approach to establishing a PCa
cell line that metastasizes to bone with high
efficiency, in contrast to previous attempts [128].

12.4.1.3.2 Intracardiac Injection

Recently, our group has studied how turnover of
host bone modulates colonization of C4-2 cells
that have been injected intracardially, with the
objective of decreasing latency [133] but increas-
ing bone colonization in the SCID/beige mouse.
We hypothesized that because bone turnover
rates of SCID mice are low, osteoblastic PCa cells
colonize their bones poorly. To increase bone
turnover, we tail-suspended them for 3 weeks
so as to underweight the limbs and induce bone
resorption. In other experiments, the mice were
intermittently dosed with PTH(1-34). In both
formats PCa cells were injected intracardially
at the onset of mechanical overload, or 2 days
following the last PTH(1-34) injection. Eight
weeks post-C4-2 injection 30% of mice that had
received PTH(1-34) pre-treatment were positive
for PCa cells (PSA, Pan-cytokeratin) in the prox-
imal femur (Fig. 12.2). Surprisingly, 70% of mice
receiving an additional week of PTH(1-34) inter-
mittent dosing following C4-2 inoculation were
positive for PCa cells in the proximal femur. In
the mice, PSA and pan-cytokeratin-positive cells
are localized to the marrow and trabeculae cen-
ters of the bone (Fig. 12.2).

Consistent with previous observations
regarding the ability of PC-3 cells to colonize
bone following intracardial injection [147],
Kalikin et al. [68] injected luciferase-tagged
PC-3 cells intracardially, and were able to quan-
tify tumor growth in teeth, lumbar spine, and
hindlimbs quantitatively, and follow progression
longitudinally. The experimental design also
allowed comparison of growth rates in young
and old male mouse hosts. PC-3 cells grew more
aggressively in young mice. This suggests an
age-related change in the bone microenviron-
ment, probably a function of bone turnover.
In a follow-up publication these authors [122]
demonstrated that intermittent PTH(1-34)
treatment increased bone colonization over
saline controls, but that co-administration
of the bisphosphonate zolendronate reduced
the PTH(1-34)-induced effect. The increase in
bone colonization can therefore be attributed
to osteoclast activity, but its mechanism is
not known. Because several bone-colonizing
tumors express PTHrP, similar mechanisms
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Figure 12.2.

L

Histological examination of proximal femurs from PSA-positive mice injected intracardially with the androgen-insensitive, highly

metastatic LNCaP subline, (4-2, following 3 weeks daily intermittent PTH. (A) H & E (B) Serial section of proximal femur stained with antibody to
human PSA 8 weeks post-injection of cells. Arrows indicate nests, not single cells, of PCa in the proximal femurs of SCID/bg mice.

may be involved in generating the mixed scle-
rotic phenotype. Inasmuch as these mouse
models permit monitoring bone turnover
markers by sampling serum specimens they
may serve to correlate tumor colonization with
histological data.

12.4.1.3.3 Intravenous Injection

Several studies have shown that intravenous
injection of PC-3 cells into the tail vein of male
athymic nude mice with occlusion of the inferior
vena cava results in development of bone lesions
[125,142]. Another PC-3 subline, PC-3.MM2,
derived from a liver metastasis produced by
a parental PC-3 tumor in the spleen of nude
mice, formed bone marrow metastases after tail
vein injection. Metastasis was suppressed signif-
icantly by treatment with the immunocytokine
huKS/4-IL2, directed against a cell adhesion
molecule expressed by metastatic human PCa
[29]. All of these lesions are osteolytic and repre-
sent a small subset of human PCa; however, their
aggressive nature and fast growth make possi-
ble preclinical studies to determine the effect of
bone turnover on osteolytic disease.

12.4.1.3.4 Intrafemoral/Intratibial Injection

Significant differences exist among different
immunocompromised murine hosts in regards
to the ability of cancer cells to expand beyond
dormant single-cell foci in vivo and to colonize

bone. For example, LNCaP cells failed to grow
in some athymic hosts, whereas C4-2 cells
metastasized to the ilia and femora. C4-2B4
cells induced osteosclerotic bone lesions 45%
of the time in athymic mice when injected
intrafemorally, but not intrailially. PC-3 cells
injected intrafemorally in athymic mice pro-
duced osteolytic lesions at a rate of 100%. In
SCID/bg mice, however, the results were differ-
ent: LNCaP (75%), C4-2 (100%), and C4-2B4
(100%) cells, when injected intrafemorally
in SCID/bg mice, produced osteosclerotic
tumors (Fig. 12.3) and secreted PSA. How-
ever, LNCaP tumors in marrow spaces were
limited to the confines of the marrow while
C4-2 and C4-2B4 lines expanded beyond the
marrow cavity [147]. Soos et al. [127], using
the nude beige mouse, showed that LNCaP
cells produced intrafemoral lesions with an
osteosclerotic phenotype in 75% of direct
injections. Results similar to those obtained
by Wu et al. [147] were found for PC-3 cells
(Fig. 12.3). These findings were confirmed later
with human PCa cell lines that were injected
intratibially into athymic mouse hosts [35].
These models are useful to study the biology
of advanced PCa lesions in bone and to test
novel therapeutic agents to inhibit or eradicate
osteosclerotic lesions. These models do not,
however, allow study of the metastatic process
which requires conversion from dormancy to
permit bone colonization [148].



Small Animal Models for the Study of Cancer in Bone

191

Figure 12.3.

PC-3

Intraosseous injection of osteosclerotic and osteolytic prostate cancer cells intrafemorally in SCID/bg male mice. C4-2 cells produce

areas of osteosclerotic lesion in femur marrow spaces, as seen at arrowheads (feft). Mixed lesions are noted in H & E sections for (4-2 tumors shown in
radiographs (center). Reversal lines denoting newly deposited osteoid are present (Black arrowheads). Red arrowheads indicate direct contact of tumor
cells with osteoid surface with evidence of sculpting. PC-3 cells, by contrast (right), have a profound osteolytic phenotype and completely degrade
bone (Arrowhead). This type of lesion represents less than 5% of all prostate carcinomas. (Modified from Wu et al. [147] with permission.)

12.4.1.3.5 SCID-hu Mouse Models

Nemeth et al. [98] implanted fragments of
human fetal bone, lung, or intestine subcuta-
neously into SCID mice and, when the grafts
were established, PCa cells, PC-3, were injected
intravenously. The PC-3 cells colonized the
implanted human bone fragments in 5 of 19
mice, with the usual osteolytic response. LNCaP
cells failed to colonize human fetal bone grafts.
However, when PC-3, Dul45, and LNCaP were
engrafted into human fetal bones, large tumors
resulted. This model is now used in preclini-
cal studies to evaluate new treatments for bone
metastases of PCa [10]. Cancer cells have also
been injected into SCID-hu bone engraftments
to establish models of PCa interaction with
bone [134].

12.4.1.4 Transgenic

In the TRAMP model, transgenic mice were gen-
erated by using the prostate-specific rat probasin
promoter to drive expression of the simian virus
40 large T-antigen-coding region, resulting in
the expression of both the large and small T-
antigen. The PB-SV40 T-antigen (PB-Tag) was
shown to be restricted spatially to the ventral
and dorsolateral prostate, where prostate tumors
develop as early as 10 weeks, and invasive car-
cinoma has been observed as early as 18 weeks
in these mice [46]. TRAMP mice maintained as
[TRAMP x C57BL/6]F1 or [TRAMP x FVBJF1
offspring demonstrated frequent metastases to
lung and lymph nodes and occasional metasta-

sis to bone. Hindlimb paraplegia was observed
in a 22-week-old [TRAMP x FVB]F1 mouse,
and histological examination of decalcified sec-
tions of the spine revealed metastatic tumor
cells throughout the spinal canal. The inner sur-
faces of the vertebrae were composed of newly
formed woven bone; this indicates an osteoblas-
tic response. However, this was not true for the
[TRAMP x C57BL/6]F1 mouse. The frequency
of bone metastasis may therefore be a function
of a murine strain-specific response [42].

Recently, bigenic TRAMP-Luc mice were gen-
erated and obtained as [C57BL/6 TRAMP x FVB
sPSA-Luc] F1 offspring to monitor local pro-
static tumor growth and metastasis [60]. This
model allows tracking the AR activity in TRAMP
tumors, as well as noninvasive imaging of bone
and soft-tissue PCa metastases [59]. While other
transgenics, e.g., PSMA [16, 26, 146] and knock-
out mice, e.g., PTEN, NKX3.1 [1, 9, 38, 73],
have developed PCa that, in some instances, pro-
gressed to androgen independence, in most the
cancer did not metastasize to bone.

12.5 Renal Cancer

It has been estimated that 51,190 patients
were diagnosed with carcinomas of the renal
pelvis and kidney, and 12,890 renal cancer
deaths occurred in 2007 [66]. Approximately
85% of all kidney cancers are renal cell car-
cinoma (RCC) and account for about 43,500
cases in 2007 [116]. Renal carcinomas arise
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most frequently from cells of the proximal con-
voluted tubules. Approximately 25%-30% of
patients diagnosed with renal carcinoma present
with evidence of locally advanced cancer and
metastasis to other organs such as lungs, bone,
liver, and brain. About 35% of renal carcinoma
patients will develop bone metastasis result-
ing in spinal cord compression and patho-
logic fractures. Renal carcinomas are frequently
refractory to chemotherapy and radiation, there-
fore, treatment options are limited to palliative
therapy.

12.5.1 Models for the Study of Renal
Cell Cancer Metastasis to Bone

12.5.1.1  Spontaneous

RCC occurs spontaneously in rats and mice, but
rarely [50,123], and does not metastasize to bone.
The Eker rat model of RCC is the result of a spon-
taneously arising neoplasm that leads to carci-
noma and invasion of the surrounding renal tis-
sue [32]. Eker renal tumors have been described
as simple cysts, papillary cystadenomas, solid
eosinophil adenomas, or solid basophile tubular
adenomas. They often involve the entire kidney,
yet RCC tumors in Eker rats are nonmetastatic
[32].

Another spontaneous model of RCC is the
Wistar-Lewis rat model [144]. This tumor is
maintained by surgical implantation in the flank
of syngeneic rats and takes about 3 weeks to
develop. It does not metastasize [145].

Another spontaneously developing model of
RCC is the Renca murine model, a tumor that
arose spontaneously in a Balb/c mouse [58, 93].
Renca can be cultured or passaged as a xenograft
by subcapsular renal injection and/or peritoneal
injection in Balb/c mice; the resulting tumor is
a granular cell-type adenocarcinoma. Following
subcapsular implantation, metastases develop in
lymph nodes, lung, liver, and peritoneum [54].
Because Renca mice survive only about 5 weeks
after tumor development, they are a good model
for chemotherapeutic studies. However, a major
limitation is the lack of metastasis to bone.

12.5.1.2  Xenograft

Human RCCs have been transplanted success-
fully into nude mice. Their morphology, growth,

and chromosomal profiles are those of renal car-
cinoma patients [18, 77, 104]. Metastatic poten-
tial, however, may be compromised [77]. Por-
tions of human renal carcinosarcoma have been
transplanted into athymic nude mice. These
transplants differentiate into bone, cartilage,
and skeletal and smooth muscle, but do not
transplanted successfully metastasize [14, 104].

12.5.1.2.1 Orthotopic Injection

Orthotopic injections of renal carcinomas in
mice have not led to bone metastasis. Zisman et
al. developed an orthotopic RCC tumor model in
SCID mice from human metastatic chromophil
(papillary) renal cell carcinoma (cRCC) tumor
cells that express the tumor-associated antigen
carbonic anhydrase type 9 (CA IX) [155]. This
model metastasized only to liver and lung, but
allowed studying aggressive, high-grade cRCC,
and developing CA-IX-related therapies. Human
RCC injected into the renal subcapsule of nude
mice led to more extensive metastases to soft tis-
sues, demonstrating the significance and utility
of orthotopic implantation [34, 94, 95], as com-
pared to subcutaneous.

12.5.1.2.2 Intrafemoral/Intratibial Injection

The human cell line RBM1 was isolated from a
patient with RCC [142] and is currently the only
model suitable for studies regarding the malig-
nant spread of RCC to bone. The RBM1 cell line
displays a trisomy of chromosome 7, and high
levels of EGF-R expression and responsiveness.
Upon intratibial injection, the RBM1 cell line
induces osteolysis in nude mice [142]. In a sub-
sequent study, the authors isolated cells from
these lytic lesions, and termed them RBMI-
IT4. When these were injected, 86% of the mice
developed tumors. Intratibial injection of the
transgenic RBM1-IT4 cell line, which expresses
the dominant-negative TGF-f type II receptor,
inhibits tumor formation and osteolysis. This
highlights the significant role played by TGEF-
p1 in facilitating interactions between RCC cells
and the bone microenvironment [76].

Use of a tyrosine kinase inhibitor in
combination with Taxol resulted in decreased
EGF-R activation, as well as a statistically signif-
icant decrease in intratibial tumor take, tumor
size, and bone lysis [141]. In another study,
the RBMI1-IT4 cell line was used to test the
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importance of VEGF signaling on the growth of
RCC both within the kidney and bone of nude
mice [70]. Treatment with the anti VEGF-R
tyrosine kinase inhibitor TSU-68 five days after
tumor cell implantation significantly inhibited
tumor growth in the kidney, but failed to inhibit
tumor growth when injected into the tibia.

12.6 Multiple Myeloma

Multiple myeloma (MM) is a malignancy of
the plasma cells in the bone marrow, caus-
ing osteolytic lesions associated with patho-
logic fractures, spinal cord compression, and
hypercalcemia. MM is the most common pri-
mary neoplasm of the bone and infiltrates the
skull, ribs, pelvis, vertebral column, and proxi-
mal long bones. An estimated 19,900 new cases
of myeloma were diagnosed in 2007, with 10,790
deaths [66]. Eighty percent of MM patients
present with essentially osteolytic bone pain and
lesions. The lesions are due to factors associated
with osteoclastogenesis, such as PTHrP and IL-
6, which stimulate osteoclastic activity. Myeloma
cells may also trigger an increase in RANK lig-
and and a decrease in osteoprotegerin in the
bone marrow, as well as causing release of the
macrophage inflammatory protein to promote
bone resorption [2, 43, 44]. Current mouse mod-
els are limited in how they reflect the human
disease.

12.6.1 Models for the Study of MM
Metastasis to Bone

12.6.1.1  Spontaneous

Aging C57BL/KalwRij mice are suscepti-
ble to the development of monoclonal
gammopathies [36]. In the bone marrow
of C57BL/KaLwRij mice with an excessive
homogenous immunoglobulin component in
the serum, myeloma cells expand monoclonally,
as detected by immunocytochemistry. Fur-
thermore, spontaneous development of MM in
C57BL/KaLwRij mice results in characteristic
osteolytic lesions and transplantation of these
cells to C57BL/KaLwRij hosts recreates the
disease precisely [114]. The 5T33 cell line was

created in a similar manner from bone marrow
aspirates of aged C57BL/KaLwRij mice [39] and,
when injected, led to osteolytic destruction
of bone. This model has been improved when
5T2MM cells were injected into ovariectomized
C57BL/KaLwRij mice. The mice developed
paraproteinemia and osteolytic bone lesions
two weeks before non-ovariectomized mice, but
the bisphosphonate, pamidronate, prevented
osteolytic lesions in ovariectomized mice [83].
Injection of a cell line, 5THL, derived from
ovariectomized C57BL/KalwRij mice bearing
5T2MM cells, resulted in much paraproteinemia
and osteolytic lesions [84].

12.6.1.2  Syngeneic

The ectopic expression of IL-1 alpha in the IL-6-
dependent murine B cell hybridoma B9 gave rise
to the B9/BM1 cell line, which in turn expresses
high levels of the cell adhesion molecules CD44
standard and of a4P; integrin [51]. Intravenous
injection B9/BM1 cells yielded bone marrow
metastases and bone lesions [52]. Because mon-
oclonal antibodies to both CD44 standard and
a4P; integrin decrease the adhesion of B9/BM1
cells to primary cultures of murine bone mar-
row endothelial cells [101], this model may be
useful for testing the biological determinants of
myeloma metastasis.

12.6.1.3  Xenograft
12.6.1.3.1 Intravenous Injection

The ARH-77 cell line was established from the
peripheral blood of a female Caucasian patient
suffering from IgG plasma cell leukemia [12].
The cell line is an EBV-transformed B lym-
phoblastoid cell line [30]. The ARH-77 cell line
has been used extensively in xenograft studies of
MM. In one such study, 100% of mice developed
hypercalcemia (mean of 5 days postparaplegia)
and hindlimb paralysis (28-35 days post injec-
tion) [4]. In addition to liver and spleen being
involved, ARH-77-bearing hosts develop oste-
olytic bone lesions and a high number of osteo-
clasts. The integrin expression profile of ARH-77
is known [136]. Like other MM cell lines, ARH-
77 cells are beta-1 and alpha-4 positive. ARH-
77-bearing SCID mice have been used to test
bisphosphonate [21] and monoclonal antibody
[71] in the treatment of MM.
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Another commonly used cell line for MM
studies is the autocrine IL-6-stimulated human
cell line KPMM?2 [45]. Because KPMM?2 is a
free-standing cell line that expresses the MM
marker M protein, KPMM2 cells are very use-
ful in MM studies. Subcutaneous injection of
KPMM?2 causes mice to develop solid, trans-
plantable tumors in 2 weeks, but no metasta-
sis. Mice injected IV with KPMM2 cells develop
severe fatigue, loss of balance, weight loss, and
hindlimb paralysis in 30-40 days, with their life
span not exceeding 43 days [135]. In 37 days
the myeloma cells account for over 60% of the
marrow cell volume. Other sites of metastasis
include abdominal lymph nodes and kidney.
SCID mice injected with KPMM2 cells also
develop hypercalcemia and striking levels of
bone resorption/destruction. Thus, IV injection
of KPMM2 cells into nude mice seems to closely
approximate the natural disease course of MM in
humans.

12.6.1.3.2 SCID-hu Mouse Models

The SCID-hu model is probably the best model
for MM, inasmuch as normal SCID mice do not
allow engraftments of human MM. In addition
to their effect on murine bone, ARH-77 MM cells
also home to human bone grafts in vivo. Follow-
ing the grafting and irradiation of femur and tib-
ial fragments from 19-23-week-old fetuses into
both sides of SCID mice, injection of ARH-77
cells into the fetal bone implant marrow cavity
leads to infiltration within 4 weeks. Moreover,
the ARH-77 cells homed and infiltrated the right
fetal bone implants by 12 weeks post-injection
[137], but did not infiltrate the murine bone. The
model can utilize other MM cell lines, including
OCI-My5, IM-9, HS-Sultan, and RMPI-8226.

In another model, IL-6-dependent human
MM cells, INA-6, were engrafted into SCID
mice with implants of human fetal bone
chips. Soluble IL-6 receptors (shulL-6R) were
detected in engrafted, but not in control SCID
mice. Because MM cells require human bone
marrow for growth and survival, this model
constitutes a reproducible system for human
bone microenvironment-dependent MM growth
which can be used to test anti-MM agents [131]

12.6.1.4  Transgenic

The transgenic models of plasmacytoma,
tumors formed by collections of mycloma cells,
[129,117] display virtually no bone involvement,
but have provided important insights into the
oncogenic pathways to malignancy [36].

By crossing Myc and Bcl-X, transgenic mice,
Cheung et al. [17] obtained a transgenic model
that displayed rapid onset, high penetrance of
human plasmacytoma, extensive bone marrow
involvement resulting in “wall to wall” tumors
in bone, with some mice displaying osteolytic
lesions and pathological fractures. The authors
speculate that crossing the two types of trans-
genic mice increased expression of genes asso-
ciated with MM progression (Abl, FGFR3, ras,
wnt, etc.). It also increased transcription fac-
tors associated with plasma cell commitment
(Blimp-1, XBP-1, IRF-4), as well as chemokine
receptors such as CXCR-4, that direct plasma
cells from lymph nodes to bone marrow. An
increase in adhesion molecules that stimulate
plasma cell homing to bone marrow, and of
mediators of bone cell destruction, will provide
a true transgenic model of MM.

12.7 Melanoma

Malignant melanoma, a cancer of melanocytes,
represents only 3% of skin cancers, but accounts
for 65% of skin cancer deaths. A total of 59,940
new cases of melanoma and 8,110 deaths were
predicted for 2007 [66]. Melanoma spreads to
lymph nodes and adjacent skin, then to lung,
liver, brain, bone marrow, and intestine [24]. In
5-10% of cases, metastatic melanoma is detected
in the absence of a detectable primary tumor,
which most likely has regressed [5, 8, 15]

12.7.1 Models for the Study of
Melanoma Metastasis to Bone

12.7.1.1  Spontaneous

Spontaneous melanomas in mice are rare
because there are few melanocytes in mouse der-
mis. The highest concentration of melanocytes
is in or near the tail and in the ears. Con-
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sequently, most spontaneous melanomas are
thought to originate in poorly differentiated
tumors like basal cell carcinoma. The overall
incidence of melanoma, including amelanotic
melanomas, may be near 0.5% with only 0.1%
being malignant [106]. The incidence of metas-
tasis to lymph nodes, lungs, and liver is low.

12.7.1.2 Syngeneic

When GFP-transfected B16 melanoma cells were
injected into the tail vein of female C57BL/6
mice, metastases arose in the brain, lung, pleural
membrane, liver, kidney, adrenal gland, lymph
nodes, skeleton, muscle, and skin. The tumor
had colonized bone and bone marrow in the
vertebrae, pelvis, femur, tibia, humerus, and the
flat bones of the skull and scapula (Fig. 12.4)
[151]. In another study, intravenous injection
of B16/F10 melanoma cells in C57BL/6 mice
led to metastases in lung, mandible, tibia, and
femur [149]. Injection of B16 melanoma cells
into the left cardiac ventricle of female C57BL/6
mice caused the tumor to colonize the bone and
bone marrow of the axial skeleton, the cranium,
mandible, maxilla, vertebral bodies, and pelvis.
Metastases were also found in the proximal large
bones of the extremities, the distal ends of the
ribs, and the thoracic and lumbar regions of
the spine. In a separate study, intracardial injec-
tion of B16 melanoma cells into C57BL/6 mice
produced visceral and bony metastases 10 days
after injection (Fig. 12.5). Seventy percent of the
bones had widespread tumor growth, with tra-
becular bone loss correlating with MRI analy-

sis, even though X-ray radiography did not dis-
tinguish between tumor and non-tumor-bearing
animals [40, 143].

TIMP-3 plays an important role in regulating
melanoma metastasis. When C57/B16 B16F10
melanoma cells were injected intracardially into
timp-37~ mice, there was a 14-fold increase in
metastatic load in the kidney, a fivefold increase
in metastatic load in the liver, and a twofold
increase in the lung, compared to controls.
Melanotic metastases occurred in both wild-
type and timp-3~/~ mice, but the metastases were
nearly twice as great in the timp-37~ mice, who
also had more extensive bone degradation in the
trabecular region [22].

12.7.1.3  Xenograft
12.7.1.3.1 Intravenous Injection

Injection of human melanoma cells has not pro-
duced the wealth of metastases observed with
other cancer-derived human cells. Byers et al.
[13] have shown that some of these failures and
differences in the scope of human melanoma
cell metastases are due to immunocompro-
mised host strain differences. Konniksen et al.
[74] showed that FEMX-1 human melanoma
cells killed nude rats because metastases grew
rapidly in the lungs. Yet, when the same cells
were injected into the tail vein, no lung metas-
tases resulted. Evidently host and organ fac-
tors account for preferential colonization, but
this does not entirely explain the poor colo-
nization of murine bone by human malignant

Figure 12.4.
metastases in multiple skeletal locations including the distal end of the femur (d) and the femur heads (e) of some animals. These techniques allow
monitoring of smaller tumor burdens than previous techniques. (Modified and reproduced from Yang et al. [152] with permission from the American
Association for Cancer Research.)

GFP-labeled B16FO melanoma cells were injected via tail vein and sacrificed 3 weeks later. Fluorescent imaging of skeleton revealed
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Figure 12.5.

(a) T2-weighted image through the tibia of a B16 melanoma tumor-bearing mouse. Corresponding histology through the tumor is

shown by (b) H& E and (c) TRAP stain, identifying osteoclasts. The tumor is seen extending into the soft tissue without cortical destruction on both the
MRI and corresponding histology slides (arrows). The lesion extending outside the cortex measures 150 pm in diameter. (Reproduced from Gauvain

et al. [40] with kind permission from Springer Science and Business Media.)

melanoma. MeWo malignant melanoma cells,
pigmented when isolated from the patient, give
rise to primarily amelanotic lung metastases
when injected through the tail vein (Fig. 12.5).
Ishikawa et al. [62] have developed a model
for studying the metastatic colonization by
human melanoma cells of bone and other organs
by selecting for MeWo cells that are resistant
to wheat germ agglutinin. These cells, named
70-W, colonize and grow in skin, brain, bone
marrow, gut mesentery, and muscle, with all
metastases melanotic. The composition of cell
surface glycoproteins therefore seems critical for
metastasis and colonization. This may also be
true in lymph node colonization.

12.7.1.3.2 Intracardiac Injection

LOX human melanoma cells, when injected in
the left ventricle of nude rats, produce hind-
leg paralysis in all animals after two weeks.
Metastases are present in the lumbar spine,
long bones, and occasionally the skull [75].
In a separate nude mouse model, the role
of TGF-p in melanoma-induced osteolysis was
examined by intracardially injecting 1205Lu
melanoma cells that overexpress Smad 7, an
inhibitor of TGF-p/Smad-signaling, in athymic
nude mice. 1205Lu melanoma cells exhibit high
autonomous ligand-induced constitutive TGEF-
p/Smad signaling and are highly invasive in

Matrigel. 1205Lu-Smad7 cells injected in the
left cardiac ventricle of mice induced less
osteolysis and longer survival than parental and
mock-transfected 1205Lu cells. 1205Lu-Smad 7
bone metastases expressed much lower levels
of the connective tissue growth factor, IL-11
and PTHrP, compared to controls. Further, acti-
vation of IL-11, CXCR4, osteopontin (OPN),
and PTHrP was reduced. Inasmuch as TGF-§
increases the steady-state levels of mRNAs, TGF-
B must be vital to melanoma bone metastasis
and osteolysis [64].

12.7.1.3.3 Intrafemoral/Intratibial Injection

As with other cancers that metastasize to bone,
LOX human melanoma cells will grow tumors in
bone when directly injected, producing primar-
ily osteolytic lesions with radiographic proper-
ties that are similar to those observed in patients
with bone metastases from melanoma. The
bone-engrafted melanoma cancers are resis-
tant to doxorubicin, but sensitive to radioac-
tive strontium and to an alkylating agent, mito-
zolomide. Therefore, intraosseous delivery of
melanoma can serve as a preclinical screen to
monitor therapeutic responsiveness at reduced
cost than using nude rats and at a greater rate.
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12.7.1.3.4 SCID-hu Mouse Models

First steps have been taken to ascertain whether
melanoma cells interact directly with the bone
microenvironment in aggressive melanoma
[128]. This study utilized a novel bilayer soft
agarose assay where hBMSC cells are seeded in
the bottom layer, with the melanoma cells in the
top layer. hBMSC stimulated the soft agarose
cocony forming potential of the melanoma cells
up to 13-fold, demonstrating the potential sig-
nificance of signaling from human bone marrow
stromal cells during melanoma colonization of
human bone marrow.

12.8 Concluding Remarks

Clinically relevant animal models are needed to
understand fully the nature of tumor formation
and the growth process and to improve the ther-
apeutic response. Early xenograft models made
possible and determining preclinical testing for
determining the efficacy of chemotherapeutics.
They allowed monitoring the consequences of
chemotherapeutic failure and devising alterna-
tive strategies to combat “resistant” disease.
Because many metastases are aggressive and
resistant to therapy, models of cancer metastasis
had to be developed. For cancers that metasta-
size to bone, this is an ongoing task. Getting pri-
mary xenografts to metastasize or colonize bone
has not been straightforward. Destruction of
bone architecture with direct injection of cancer
cells provides a means to analyze cancer interac-
tion with bone, but the damage from injection
may provide an unnatural foothold for cancers.
Intracardiac injection is often effective, but may
fail to lead to metastases or yield cells that do not
form overt osseous metastases. Yet these cells
may be critical for cancer progression, constitut-
ing dormant tumor cells. Even though primary
tumors release hundreds of thousands of cells
into the circulation daily, overt clinical metas-
tases that develop are few in number. Clearly,
the cancer cells found in many tissues are viable.
The model must therefore address two prob-
lems: First, what are the criteria for a signif-
icant metastasin to bone? Factors to consider
include cancer stem cells, hematopoietic precur-
sors present in primary tumors, the metabolic

activity of the targeted bone, and its turnover.
Second, what are the critical components for
maintaining and awakening dormant cells that
metastasize to bone and other tissues? These fac-
tors likely contribute to the development of the
lethal cancer phenotype involving bone. Keys to
maintaining cancer cell dormancy may allow for
long-term remission and stable disease.

Available techniques remain crude but are
improving. Histology and immunohistochem-
istry are a mainstay but are giving way to tech-
niques that allow repeated measurements and
enhanced resolution. This includes X-ray imag-
ing by radiographs, microCT, and magnetic res-
onance imaging. Additional techniques com-
prise GFP- and/or luciferase-transfected cancer
cell lines that permit enhanced quantitation and
better understanding of how bone responds to
cancer cells. These techniques measure only the
response by bone, the host tissue, and not the
process of metastasis. This remains for future
research.
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Hormonal therapies in Breast and Prostate
Cancer: Effects on Bone and the Role
of Bisphosphonates

Pamela Taxel and Faryal S. Mirza

13.1 Introduction

Many patients with cancer are at risk of
skeletal-related complications including patho-
logic fractures and chronic pain because so
many tumors metastasize to bone, leading to
significant morbidity and mortality. Certain
solid tumors have the propensity to metas-
tasize to bone, most commonly breast can-
cer (BCa) and prostate cancer (PCa). In addi-
tion, chemotherapy and hormonal therapies
contribute to bone loss and increased inci-
dence of osteoporotic fractures. Medications
known as bisphosphonates, commonly used in
osteoporosis treatment, are also approved for
metastatic bone disease. Recent evidence sug-
gests that these agents may slow the progres-
sion of metastatic bone disease and, because
they have an anti-tumor effect, help prevent
skeletal events. In this chapter, we will review
the effects of newer endocrine/hormonal ther-
apies for BCa and PCa and discuss the role
of bisphosphonates for both treatment and
prevention of skeletal events. Prevention of
bone loss due to these treatments will also be
considered.
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13.2 Hormonal Therapies
in Breast and Prostate Cancer

Hormonal deprivation therapy is the mainstay
of treatment in BCa and PCa that are hormone-
sensitive. Hormone deprivation is first-line
therapy, with treatment begun early in the
course of the disease, even before the onset of
bone metastases. Breast cancer is treated with
anti-estrogens or aromatase inhibitors (Als)
when estrogen or progesterone receptors are
positive. PCa has no specific markers other
than the prostate-specific antigen (PSA), but
androgen deprivation therapy (ADT) by means
of gonadotropin-releasing hormone agonists
(GnRH-agonists) is the primary therapy that is
used continuously or intermittently until PCa
becomes androgen-independent.

13.2.1 Prostate Cancer

Prostate carcinoma (PCa) is the most common
cancer and the second leading cause of cancer
death in US men [51]. Men have a 16% chance
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of developing PCa in their lifetime and approx-
imately 1 in 34 will die from it. The median age
at diagnosis is 68 years; black men have a 40%
higher risk of developing PCa than whites and
die from PCa twice as often as white men [76].
The decline in mortality in the past decade can
be attributed in part to earlier detection made
possible by testing for PSA and by better thera-
pies for local and advanced disease.

13.2.1.1  Use of Gonadotropin-Releasing Hormone
Agonists (GnRH-Agonists) in Prostate Cancer

PCa is commonly a disease of older men, with
50% of those over 75 years having other co-
morbidities. PCa is typically a slowly progres-
sive disease, with many older men living with
the consequences of cancer treatment. A major
consequence of PCa treatment is hypogonadism.
As a result of ADT, testosterone and estrogen
drop to castrate levels. Because testosterone lev-
els decrease as men age, more than half the men
over 80 years are hypogonadal even before ini-
tiation of GnRH-agonist treatment [31]. Hyo-
gonadism leads to decreased bone density,
decreased muscle mass, increased risk of falls,
and impaired balance. Because GnRH-agonist
therapy leads to an extreme form of hypogo-
nadism, it induces the geriatric syndrome of
frailty even in younger men.

Some 70% of PCas are androgen-dependent
[63] and thus respond to hormonal ablation
therapy, whether by surgical castration (bilateral
orchiectomy), or treatment with estrogens or
anti-androgens. Since late in the 1980s, GnRH-
agonists have been widely used for local and
advanced disease. Between 33% and 70% of men
with PCa now receive GnRH-agonists as pri-
mary therapy [63,69], with anti-androgens to
treat localized disease. Often men with a rising
PSA are treated with GnRH-agonists after pri-
mary therapy with surgery or radiotherapy, with
the widest use in men older than 80 years [65].

13.2.1.2 Neoadjuvant and Adjuvant Therapy with
GnRH-Agonists for Prostate Cancer

Neoadjuvant therapy is commonly combined
with radiation therapy or surgical radical prosta-
tectomy in men with local or locally advanced
disease, but no metastases. Typically, the neoad-

juvant ADT is injected 3 months prior to
the start of radiotherapy or prostatectomy. A
meta-analysis from the Cochrane database con-
cluded that neoadjuvant treatment prior to rad-
ical prostatectomy did not improve overall sur-
vival, but led to a significant decrease in posi-
tive surgical margins and a borderline decrease
in disease recurrence [42]. The rationale for
use of neoadjuvant therapy prior to radiother-
apy is to shrink the tumor [61] and thus the
amount of radiation required. When neoad-
juvant therapy was given prior to radiation
treatment, survival was improved in patients
with well-differentiated disease. Disease-free
and biochemical disease-free survival was also
improved [42]. No improvement was seen in
disease-specific survival.

Adjuvant GnRH-agonist treatment, when
given simultaneously with external irradiation,
improves local control as well as disease-free and
overall survival of patients with locally advanced
PCa when compared with androgen depriva-
tion alone [5]. Side effects such as hot flashes,
gynecomastia, and bone loss must be consid-
ered when these agents are used with adjuvant
therapy.

13.2.1.3  Locally Advanced Disease

Men over 80 years, with local recurrence and ris-
ing PSA after primary therapy such as prosta-
tectomy or radiation, have been increasingly
treated with ADT, but whether this prolongs
their survival is still unanswered.

13.2.1.4 Metastatic Disease in PCa

Clinically significant bone metastases occur in
80-90% of advanced PCa patients [51]. The
establishment of metastases depends on the
bone microenvironment allowing PCa cells to
take up residence in bone. Although PCa skele-
tal metastases are mostly osteoblastic in nature,
they also have a bone resorptive component [2].
BCa, although primarily osteolytic, also has an
osteoblastic component.

13.2.1.5 Consequences of GnRH-Agonist Treatment
Although treatment with GnRH-agonists has
mitigated pain and reduced cancer-related mor-
bidity in patients with advanced-stage disease,
it has led to adverse effects such as hot flashes,
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cognitive changes, depressed mood, lower bone
mineral density (BMD), and unfavorable lipid
changes [2].

13.2.1.6  Loss of Bone Density

GnRH-agonists constitute a major risk factor for
osteoporosis in older men. Some 2 million men
have osteoporosis and 12 million are at risk. Men
account for one-third of all hip fractures and
have higher 1-year mortality rates after hip frac-
ture than women. The rate of annual bone loss
in the healthy male population is between 0.5%
and 1.0% [45], whereas men on GnRH-agonist
therapy lose 2-3% per year at the hip and spine
initially [72] and, after some years, the loss is less
but lasts throughout therapy [43].

GnRH-agonist therapy leads to increased
bone remodeling. Increased osteoclast activity
is reflected by an increase in the C-telopeptide
level in the serum and the increase in osteoblast
activity by a raised serum level of the amino-
terminal propeptide of type I procollagen,
P1INP. These markers reflect bone changes fairly
soon, often within weeks, whereas bone den-
sity changes may take months or years. The
rise in remodeling due to GnRH-treatment ulti-
mately leads to bone loss and increased fracture
rates [69].

13.2.1.7  Estrogen Loss Due to GnRH-Agonist
Treatment

Testosterone as the predominant male hormone
plays an important role in bone health, but men
also biosynthesize estrogen, although at levels
substantially lower than in women. In both men
and women, testosterone is converted through
aromatization to estrogen in tissues such as
the testes, liver, adrenal, and adipose cells. In
recent years, both epidemiologic and interven-
tional studies have called attention to the critical
role estrogen plays in building and maintaining
bone [39]. Because GnRH-agonist therapy also
lowers male estrogen to castrate levels, it has an
impact on men who receive ADT for PCa.
Medical castration with estrogen, specifically
diethylstilbestrol (DES), has historically been
the treatment for metastatic PCa. The hip BMD
of men who have been surgically castrated
with bilateral orchiectomies initially decreases
approximately 10% per year, whereas hip BMD

decreases only 1% a year in men given estro-
gen for medical castration [20]. It is not surpris-
ing, therefore, that men with PCa who receive
estrogen transdermally have higher BMDs [52]
and, if given estrogen in the form of oral
micronized estradiol, respond with a decrease in
bone turnover [74]. However, long-term estro-
gen trials have not yet been carried out.

13.2.1.8  Fractures and GnRH-Agonists

Several large studies have now confirmed that
GnRH-agonist therapy increases the risk of frac-
tures. On the basis of the SEER study [65], 19.4%
of men who were receiving GnRH-agonist or
had undergone orchidectomy experienced frac-
tures, whereas untreated men with PCa had only
a 12.6% incidence of fractures. Moreover, several
studies have demonstrated that the longer the
treatment duration, the higher the risk of frac-
ture [43,71]. Finally, in a study of medical and
pharmacy claims from 16 companies, rates of
fracture were significantly increased (7.91 versus
6.55 per 100 person years) in men treated with
ADT versus those who were not treated (relative
risk 1.21). Age and co-morbidities were inde-
pendently associated with fracture risk, as was
GnRH-agonist treatment [70].

13.2.2 Breast Cancer (B(a)

BCa is the most commonly diagnosed can-
cer in women. It affects more than 200,000
American women per year and is the sec-
ond leading cause of cancer-related deaths in
women [36]. Endocrine therapy has been a key
aspect of how patients with hormone receptor-
positive BCa have been managed. For many
years, tamoxifen has been the gold standard for
first-line endocrine treatment for BCa. Recently,
treatment with the Als letrozole, anastrozole,
and exemestane has led to better outcome
than tamoxifen in postmenopausal women with
early-stage BCa. Als have been used as first-
line therapy, as an alternative to tamoxifen, and
after completion of 5 years of tamoxifen therapy
[3,14,28]. Als are more effective than tamoxifen
in preventing BCa disease recurrence, whether
used as first-line therapy or after tamoxifen
treatment for early-stage BCa. Als along with
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ovarian suppression is also finding use in the
treatment of premenopausal women.

13.2.2.1 Tamoxifen and Bone

Tamoxifen is a selective estrogen receptor mod-
ulator. It antagonizes estrogen in breast tissue,
but has estrogen agonistic effects at most other
estrogen receptors, including bone, uterus, and
in lipid metabolism [46,47]. In postmenopausal
women with low endogenous estrogen levels,
tamoxifen treatment causes bone resorption to
decrease, with a small but significant increase
in lumbar spine and total hip bone density [58].
At premenopausal estrogen levels tamoxifen acts
as an estrogen-antagonist, competing with 178-
estradiol for the estrogen receptor and causing
bone loss [58]. Tamoxifen treatment has led to a
statistically significant, 32% reduction in osteo-
porotic fractures, compared to placebo [21].

13.2.2.2  Alsand Bone

Als are a class of compounds that block the
bioconversion of estradiol from androgens,
resulting in very low estradiol levels. Als can
be divided into two groups; competitive or
non-steroidal Als and inactivators or steroidal
inhibitors. The non-steroidal Als, letrozole and
anastrozole, are imidazole-based compounds
that reversibly bind to the active moiety of the
cytochrome P450 enzyme aromatase and block
estradiol formation. The steroidal inhibitors,
fomestane and exemastane, have an androgen-
like structure and compete with the aromatase
substrate, androstenedione. They bind cova-
lently and irreversibly to the active site of
the enzyme, causing loss of enzymatic activity.
This induces an increase in estradiol synthesis.
Exemestane also has weak androgenic activity
which is attributed to one of its metabolites.
Currently three third-generation Als are
approved by the Food and Drug Administration
(USA) for treatment of BCa. All are fairly potent
and cause 98% suppression of aromatase activ-
ity. Bioconversion of estradiol is the major path-
way for estradiol synthesis in postmenopausal
women. Hence, all Als cause a significant low-
ering of estradiol levels in postmenopausal
women. Because estrogen helps maintain bone
mass, its deficiency - whether the result of nat-
ural or surgical menopause - is a major cause

of bone loss, causing women to lose as much as
20% of their bone mass in the first 5-7 yrs after
menopause [1,23]. This loss in bone is the basis
for an exponential increase in fracture risk after
55 yrs of age [60,77]. In a prospective epidemi-
ological study [15], women with serum estra-
diol concentrations of less than 5 pg/ml were
found to have a higher risk for hip and verte-
bral fractures than women with serum estradiol
concentrations over 10 pg/ml. Because the loss
of bone mass at the hip is eight times greater
in women with lower estrogen levels, even mod-
erate increases in serum estrogen levels may
reduce loss of bone mass and fractures. There-
fore the adverse effects of low estrogen levels and
increased risks for osteopenia and osteoporosis
are a major concern in the treatment with Als.

13.3 Efficacy of Als

13.3.1 Studies of Healthy Women
on Als — Effects on Bone Markers

The aromatase gene (CYP-19) is expressed in
ovarian as well as non-ovarian tissue, includ-
ing fat, muscles, skin, liver, and bone, and is
a major site of action for the Als. Als affect
bone metabolism by systemic estrogen suppres-
sion and by inhibiting local estrogen production
in the bone microenvironment, which results in
bone loss.

A few reports have described the effects of
Als on bone in healthy postmenopausal women.
Goss et al. [27] performed a randomized,
single-blind, placebo-controlled exploratory
study to evaluate how low plasma estrogen
levels, induced by Als, affected markers of
bone turnover in 80 healthy postmenopausal
women during 24 weeks of outpatient treatment,
using exemestane, letrozole, and anastrozole.
All three inhibitors caused plasma estrogen
levels to decrease and bone-resorption markers
to increase to the same degree. Exemestane,
however also increased the serum levels of the
bone-formation marker, PINP at week 24. This
effect was attributed to the androgenic structure
of exemestane.
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Heshmati et al. [32] compared bone-turnover
markers in 42 normal women randomly
assigned to receive letrozole or placebo for 6
months. Letrozole treatment reduced serum
estrone and estradiol to near undetectable
levels (p < 0.0001), and caused a significant
increase in bone-resorption markers, including
urine 24-h pyridinoline (PYD) and 24-h urine
deoxypyridinoline (DPD).There was also a sig-
nificant decrease in serum parathyroid hormone
(PTH) levels. Bone-formation markers did not
change. Therefore lowering serum estrogen
in postmenopausal women with Als causes
increased bone resorption. At the same time
the estradiol synthesized by aromatase helps
maintain the balance between bone resorption
and formation.

Two large, ongoing randomized trials are cur-
rently evaluating Als for the prevention of BCa
in healthy postmenopausal women. The Sec-
ond International Breast Cancer Intervention
Study (IBIS-II) is studying the effect of anas-
trozole in postmenopausal women at increased
risk for BCa [16]. The National Cancer Insti-
tute of Canada Clinical Trials Group MAP3
study (ExCelL) is evaluating whether exemestane
reduces the incidence of invasive BCa in post-
menopausal women who are at an increased risk
for developing BCa [59].

13.3.2 Data on Premenopausal Women

In premenopausal women with BCa, ovarian
ablation therapy with chemotherapy has led
to a high rate of bone loss [66]. GnRH analogs
have been tried alone or in combination with
tamoxifen. Treatment with goserelin, a GnRH
analog, has led to a much greater decline in bone
density than obtained in adjuvant chemother-
apy with cyclophosphamide, methotrexate,
or 5-fluorouracil (CMF). In goserelin-treated
patients, BMD at the lumbar spine decreased
by 10.5%, as compared with 6.5% in CMF-
treated patients (p < 0.001). The CMF patients
remained estrogen-deficient and had ongoing
bone loss, whereas patients treated with gosere-
lin had recovered their bone density within one
year after the therapy ended [22].

In premenopausal women, Als, by suppress-
ing peripheral aromatase, cause a reduced feed-
back to the hypothalamus and an increase in
ovarian stimulation [68]. They therefore should
be prescribed when the ovaries are removed
surgically, by radiation, or with the aid of
GnRH analogs. Als in premenopausal BCa are
being evaluated in two large International Breast
Cancer Study Group (IBCSG) trials, Suppres-
sion of Ovarian Function Trial (SOFT), and
the Tamoxifen and Exemestane Trial (TEXT).
In SOFT, tamoxifen alone (with or without
prior chemotherapy) is compared to tamox-
ifen and ovarian suppression and to exemes-
tane and ovarian suppression. In TEXT pre-
menopausal patients are randomly assigned to
receive the LHRH analog triptorelin with tamox-
ifen or with exemestane (with or without adju-
vant chemotherapy).

13.4 Als as First-Line Treatment
for BCa — Effect on Bone Loss
and Fractures

13.4.1 Als Compared to Tamoxifen

13.4.1.1  Anastrozole

Anastrozole, the first of the third generation of
Als, was compared with tamoxifen for its effects
on disease-free survival in 9,366 postmenopausal
women with early-stage BCa [8]. Anastrozole sig-
nificantly improved disease-free survival and sig-
nificantly lowered cancer in the contra-lateral
breast, compared to tamoxifen or combination
therapy. Women who received anastrozole had
a lower incidence of venous thromboembolic
events, pulmonary embolism, ischemic cere-
bral vascular events, and endometrial cancer
than those on tamoxifen. Anastrozole however
induced a significantly higher frequency of mus-
culoskeletal symptoms and fractures, 11% versus
7.7% with tamoxifen [3]. Vertebral fractures also
increased, but not hip fractures [8].

Changes in BMD and bone-turnover mark-
ers with anastrozole were assessed in the bone
sub-protocol of ATAC [19]. Anastrozole was
associated with statistically significant losses of



210

Bone and Cancer

BMD at the lumbar spine and hip, both at year 1.
Tamoxifen treatment, on the other hand, led to
significant gains at the lumbar spine and hip in
both years 1 and 2. The decline in BMD slowed
after the third year of the study. After 1 year,
anastrozole was associated with an increase in
bone remodeling as measured by the increase in
markers of bone turnover. Tamoxifen caused a
decrease in bone remodeling and a significant
decrease in bone turnover.

13.4.1.2 Letrozole

Letrozole is currently being evaluated in the
Breast International Group (BIG 1-98 5-year
study of letrozole, letrozole followed by tamox-
ifen, tamoxifen, and tamoxifen followed by letro-
zole). Of 8,010 women who have been enrolled,
4,003 have been assigned to the letrozole group
and 4,007 to the tamoxifen group [75]. Clinical
fractures at a median follow-up period of 25.8
months were significantly more frequent with
letrozole. Other results are not yet available.

13.4.1.3 Exemestane

The Tamoxifen Exemestane Adjuvant Multicen-
ter trial [38] is a phase III, randomized, parallel-
group, multicenter trial designed to compare the
disease-free survival after 5 years of adjuvant
exemestane versus 2.5 years of tamoxifen fol-
lowed by 2.5 years of exemestane administered
to postmenopausal women with early BCa. Data
on clinical fractures are as yet unavailable but a
bone substudy evaluating BMD has been com-
pleted [37]. The number of women with estab-
lished osteoporosis at baseline was greater in
the exemestane than the tamoxifen group. After
12 months of treatment, patients treated with
exemestane showed significantly more bone loss
at both the spine and hip than patients treated
with tamoxifen.

13.4.2 Als After 2-3 Yrs of Tamoxifen
Versus Tamoxifen Alone

Recently third-generation Als have proven their
efficacy and tolerability compared with tamox-
ifen. The best sequence of administering these
medications to hormone-responsive women is
under study, as BMD and bone turnover may be
influenced by prior tamoxifen treatment.

13.4.2.1 Anastrozole

The Austrian Breast and Colorectal Study
Group (ABCSG) 8/Arimidex-Nolvadex (ARNO)
95 study [35] was a prospectively planned, com-
bined analysis of two trials in which sequential
treatment with anastrozole administered after 2
years of tamoxifen was compared to tamoxifen
alone. After a median follow-up of 28 months,
there were significantly more clinical fractures
in patients who switched to anastrozole than in
those who received only tamoxifen (2% versus
1%, respectively; P=0.015). The clinical fracture
rate in the anastrozole group was lower than that
in the ATAC trial; this suggests that prior treat-
ment with tamoxifen may have conferred some
benefit.

13.4.2.2 Letrozole

The BIG 1-98 study is evaluating sequential
treatment with tamoxifen followed by letrozole
or letrozole followed by tamoxifen; additional
groups receive letrozole or tamoxifen alone [9].
Preliminary results are available at 25.8 months
of the study, but the outcome of switching treat-
ment on bone density is not available.

13.4.2.3 Exemestane

Gonneli et al. [26] compared the effects of the
steroidal aromatase inactivator exemestane on
bone-turnover markers and on BMD in 70 post-
menopausal women (62.0 = 8.9 years) with com-
pletely resected BCa who were disease-free fol-
lowing 2-3 years on tamoxifen. The subjects
were randomly assigned to continue tamoxifen
or switch to exemestane. In the latter bone den-
sity at the lumbar spine and the femoral neck
declined progressively; this was not true in the
tamoxifen group. The bone-turnover markers
did not increase significantly in either group.
The Intergroup Exemestane Study compared
the effects of tamoxifen administered for 5 years
with tamoxifen administered for 2-3 years, fol-
lowed by exemestane for a total of 5 years in
4,724 postmenopausal women [14]. The inci-
dence of fractures was greater, but not signif-
icant in the exemestane group. The incidence
of osteoporosis increased slightly with exemes-
tane. In 206 non-osteoporotic patients from 17
centers, BMD at the lumbar spine and the
total hip decreased rapidly from baseline after
switching from tamoxifen to exemestane. After
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6 months the decline in BMD slowed progres-
sively. The total number of fractures over the
24-month period was low and no conclusions
were reached on the relationship of fractures to
changes in BMD or bone-markers.

13.4.3 AlsVersus Placebo After
Tamoxifen for 5 Yrs

13.43.1 Letrozole

The National Cancer Institute of Canada Clinical
Trials Group (NCIC CTG) study (MA.17) stud-
ied letrozole therapy after 5 years of standard
adjuvant tamoxifen [28,54]. Women receiving
letrozole reported a greater incidence of osteo-
porosis and clinical fractures; neither increase
was statistically significant. In a sub-protocol,
designed to evaluate bone turnover and BMD
in 226 women, patients receiving letrozole at
24 months had a significantly greater decrease
in total hip and lumbar spine. Their urine N-
telopeptide increased significantly at 12 months
and 24 months. No patient went below the
threshold for osteoporosis in total hip BMD,
whereas at the lumbar spine (L2-L4) more
women receiving letrozole became osteoporotic.

These studies show that whether adminis-
tered to otherwise healthy women or as first-line
therapy to treat BCa, Als cause bone turnover to
increase and BMD to decrease. This is probably
the result of reducing estradiol levels. Als thus
increase the risk for developing osteoporosis in
a population already at increased risk of osteo-
porosis because of the decrease in endogenous
estradiol brought on by menopause.

13.5 Role of Bisphosphonates
in Prostate and Breast Cancer

13.5.1 Prevention and Treatment
of Bone Metastases

Bisphosphonates are potent inhibitors of osteo-
clastic function and the mainstay of bone-
directed therapy for bone metastases. They
act on bone by inducing osteoclast apoptosis,
inhibiting osteoclast maturation and differenti-
ation, and reducing osteoclast activity [18]. Bis-

phosphonates also act directly on tumor cells,
inducing apoptosis, inhibiting matrix metallo-
proteinase 1, inhibiting angiogenesis, decreasing
adhesion of tumor cells within bone, and reduc-
ing the vascular endothelial growth factor [12].
Bisphosphonate treatment aims to prevent and
delay skeletal-related events (SREs), reduce bone
pain, and improve quality of life.

13.5.2 Prostate Cancer

PCa is primarily an osteoblastic bone disorder,
but osteoclastic resorption has been shown to
be an integral part of skeletal metastases in this
cancer [10]. Trials to determine if bisphospho-
nates prevent or delay the onset of bone metas-
tases are underway. Bisphosphonates prevent
bone metastases, but this has not yet been shown
in PCa [48]. Patients with established bone
metastases from PCa appear to benefit from bis-
phosphonate treatment (MRC PRO5 trial). How-
ever, oral clondronate given to men at high risk
for bone metastases did not change metastases-
free survival for up to 10 years. Patient selection
may have been a factor in that trial. Yet trials
with pamidronate have resulted in equally disap-
pointing results in men with metastatic PCa [67].
Similarly the administration of 4 mg zoledronic
acid in men with hormone-refractory, non-
metastatic PCa did not affect development of
bone metastases [50]. In contrast, in a trial of 634
men with metastasis and hormone-refractory
disease, therapy with zoledronic acid reduced
SREs including pathologic fractures. Pain con-
trol also was improved [62].

Future trials of bisposphonates in PCa are
under way. In one trial, men with high-risk dis-
ease will receive zoledronic acid [48]. In another,
men on long-term ADT for newly diagnosed
advanced non-metastatic or metastatic disease
will receive hormonal therapy with or with-
out zoledronic acid, docetaxel or celecoxib, or a
combination of these [STAMPEOE trial].

Another method of targeting the osteoclast
is with an antibody against receptor activator
of NF-kappaB ligand or RANK-L, an impor-
tant ligand in the differentiation and activa-
tion of osteoclasts. Denosumab is a monoclonal
antibody that targets osteoclasts and inhibits
the cell signaling pathway involving maturation
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of osteoclasts. Subcutaneous denosumab has
been shown to suppress bone-resorption mark-
ers [55]. This drug is now in trial in men with
hormone-resistant PCa and bone metastases to
evaluate whether disease progression can be
slowed by denosumab. It is also being evalu-
ated for metastasis-free survival in metastasis-
free castrate men who are at high risk of bone
metastases. In a third trial, effects of denosumab
on BMD and fracture rate are being evaluated in
1,400 men on current ADT.

13.5.3 Breast Cancer

Bisphosphonates have become standard ther-
apy in BCa that has metastasized to bone,
according to the guidelines issues by the Amer-
ican Society of Clinical Oncology (ASCO) [33]
and the Cancer Care Ontario guidelines. Ben-
efits of the bisphosphonates have become evi-
dent from a number of trials and meta-analyses
[56]. Pamidronate, ibandronate, zoledronic acid,
and clodronate all have been shown to reduce
the number of SREs and to increase the
length of time before BCa metastasizes to bone
[4,34,40,41] The ASCO guidelines recommend
that bisphosphonate treatment continues until
the patient’s general performance status declines
substantially.

As with PCa, anti-RANKL therapy with denu-
somab also is being evaluated in women with
metastatic BCa. Lipton et al. [44] compared denu-
somab with standard intravenous bisphospho-
nateadministration in women with BCaand bone
metastasis and found that subcutaneous deno-
sumab, like the intravenous bisphosphonates,
suppresses bone turnover and reduces SRE risk.

13.6 Prevention of Bone Loss
in Prostate and BCa

13.6.1 Prostate Cancer

Men, like women, experience bone loss and
osteoporosis as they age, although to a much
lesser extent. Factors that account for the differ-
ence are the higher peak bone mass in men [29],
their larger bone structure and greater muscle
mass, and the absence of accelerated bone loss

that women experience around the menopause.
Fractures experienced by older men in many
instances are due to factors other than age, e.g.,
hypogonadism, glucocorticoid or GnRH-agonist
use, excess alcohol consumption, and smoking
[53]. In addition, as in women, men may have
vitamin D deficiency, a poor calcium intake, and
not engage in weight-bearing exercise. After 50
years of age, 20% of Caucasian men will expe-
rience a fracture. Approximately 30% of all hip
fractures in the US occur in older men, account-
ing for 25% of the costs of fracture care [29].
Men with hip fractures have higher 1-year mor-
tality (37.5%) than older women with hip frac-
tures (28%); thus, hip fractures in men consti-
tute a significant marker of frailty.

13.6.2 Prevention of Bone Loss with
Bisphosphonates

Men on ADT are at higher risk of bone
loss and fractures than otherwise healthy
community-dwelling men [43,65,69]. Intra-
venous pamidronate [72] and zoledronic acid
[49] administered to men with metastatic
and non-metastatic PCa have improved and
increased BMD. A single annual 4 mg dose of
zoledronic acid increased BMD in the spine and
hip [49].

Greenspan et al. [29] sought to determine
whether oral alendronate (70 mg/w) once weekly
could prevent bone loss and reduce bone
turnover in 112 men receiving ADT in a double-
blind, randomized, placebo-controlled trial. All
patients received in addition calcium and vita-
min D supplementation. After one year, men
treated with alendronate had significant gains
in BMD, 3.7% at the spine and 1.6% at the hip,
whereas men in the placebo group had losses of
1.4% at the spine and 0.7% at the hip.

In our own work [73], a double-blind,
placebo-controlled, randomized trial of oral
risedronate (35 mg/week) versus placebo in
older men receiving GnRH-agonist therapy for
locally advanced PCa and who also received
daily doses of calcium and vitamin D, we showed
that after 6 months, neither femoral neck nor
total hip BMD decreased in the risedronate
group, whereas there were BMD losses in the
placebo group. Spine BMD of the risedronate
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group increased significantly by 2.3%, but the
placebo group did not change. Thus, GnRH-
agonist therapy produces rapid bone loss within
6 months that can be prevented by risedronate
treatment.

13.6.3 Use of Estrogen to Prevent Bone
Loss in PCa

Medical castration with estrogen, specifically
DES, has been the treatment for metastatic PCa.
In men who have undergone bilateral orchidec-
tomy, hip BMD decreases by approximately 10%
per year, whereas men given oral and intramus-
cular estrogen for medical castration lose only
about 1% hip bone BMD [20]. With transder-
mal estradiol patches to achieve castration, 20
men with advanced or metastatic PCa showed
increases in BMD at the spine and hip after 1
year of treatment [52]. Bone turnover decreases
when estrogen is administered intramuscularly
to men treated with orchidectomy [9] or DES
[64], or to men on GnRH-agonist therapy who
are receiving 1 mg/day of oral micronized estra-
diol [74].

A recent cross-sectional study from Japan
[78] showed that combined androgen blockade
with GnRH-agonists plus an androgen receptor
blocker (CAB) or estramustine, a chemother-
apeutic agent with estrogen-like properties,
maintains bone turnover and BMD compared
with a group receiving androgen deprivation
alone. Androgen receptor blockers increase
serum concentrations of both testosterone and
estradiol. Estradiol is therefore available to tis-
sues [71]. In a 1-year prospective study, men
receiving the androgen receptor bicalutamide
alone showed increased BMD, less fat accumu-
lation, and fewer bothersome side effects than
treatment with a GnRH-agonist [71]. No long-
term trials have been performed to determine
whether estrogen therapy can improve BMD and
decrease fractures in men with PCa.

13.6.4 Prevention and Treatment
of Bone Loss in Breast Cancer

Association of the newer endocrine therapies for
BCa with increased bone turnover and reduc-

tion in BMD mandates increased vigilance for
monitoring BMD and making sure there are no
secondary factors that increase the risk for bone
loss. Patients should be educated about the need
for adequate calcium and vitamin D intake and a
healthy, active lifestyle. Nevertheless, BMD may
decline in some patients and may require treat-
ment, as with bisphosphonates.

Animal studies by Gasser et al. [24] provide
support for the use of zoledronic acid to pre-
vent or slow bone loss in women with BCa who
are on Al therapy. Gasser and colleagues [24]
found that daily treatment with the Al letrozole,
administered orally, induced significant bone
loss and cortical thinning, but that zoledronic
acid prevented bone thinning and loss in rats.

Yonehara et al. [79] compared 17 post-
menopausal BCa patients receiving anastrozole
(1 mg/d) with 10 patients who in addition
received 2.5 mg daily of sodium risedronate for
6 months. Whereas in the women who received
only anastrozole, BMD and associated T- and Z-
scores decreased significantly, in women who in
addition received the bisphosphonate, the BMD
and associated T- and Z-scores increased signif-
icantly from baseline values.

Confavreux et al. [13] analyzed bone loss and
bone turnover in postmenopausal women with
osteoporosis treated with anastrozole in com-
parison with osteoporotic women treated simul-
taneously with anastrozole and risedronate. In
the latter, bone loss was prevented at the hip,
and bone density increased significantly at the
spine. It is thus apparent that risedronate pre-
vents anastrozole-induced bone loss.

The Austrian Breast and Colorectal Cancer
Study Group [25] (ABCSG-12 trial) evaluated
the role of zoledronic acid in preventing bone
loss associated with adjuvant endocrine therapy
in premenopausal patients in a randomized,
open-label, phase III, four-arm trial compar-
ing tamoxifen (20 mg/d orally) and goserelin
(3.6 mg every 28 days subcutaneously) =+
zoledronic acid (4 mg intravenously every 6
months) versus anastrozole (1 mg/d orally)
and goserelin + zoledronic acid for 3 years
in premenopausal women with hormone-
responsive BCa. Endocrine treatment without
zoledronic acid caused a significant overall
bone loss after 3 years of treatment. The
bone loss was significantly more severe in
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patients receiving anastrozole/goserelin than in
patients receiving tamoxifen/goserelin. BMD
remained stable in zoledronic acid-treated
patients. In other words, bone loss was effec-
tively inhibited by zoledronic acid given every
six months.

Brufsky et al. [6] evaluated whether addition
of zoledronic acid to adjuvant letrozole therapy
protects against bone loss in postmenopausal
women. A total of 602 postmenopausal women
with early-stage BCa and osteopenia (T scores
>-2.0), who were starting 5 years of oral letro-
zole, were randomly assigned to receive up-front
intravenous zoledronic acid every 6 months ver-
sus delayed zoledronic acid (to start only if
T scores decreased below -2.0 or if a non-
traumatic clinical fracture occurred). At the end
of 1 year, BMD in hip and lumbar spine was sta-
tistically higher in the up-front zoledronic acid
group. Also in the up-front group, mean serum
N-telopeptide and bone-specific alkaline phos-
phatase concentrations decreased significantly
by 15.1% and 8.8%, respectively, at 12 months,
whereas those markers increased significantly in
the delayed group. These findings indicate that
up-front zoledronic acid therapy prevents bone
loss in the lumbar spine in postmenopausal
women who are receiving adjuvant letrozole for

early-stage BCa. Similar results were reported
by Bundred et al. [7] who found that immediate
zoledronic acid therapy for 12 months prevented
bone loss in postmenopausal women who were
receiving adjuvant letrozole.

13.7 Osteoporosis Prevention
and Treatment in Breast
and Prostate Cancer Patients

13.7.1 (linical Monitoring

It is apparent from the many reports cited in this
chapter that women with BCa and men with PCa
who receive hormonal therapy should have their
bone health evaluated, preferably prior to treat-
ment (see Fig. 13.1). This is particularly impor-
tant as people age, inasmuch as osteoporosis
and fracture risks increase with age. Also, more
women are being started on Als as first-line
agents for treatment of BCa compared to tamox-
ifen due to the improved disease-free survival
with these agents. The effect of age, plus the
decline in BMD due to Als and ADT, clearly
warrant screening for osteoporosis in all women

| History, PE and Laboratory Data ]

Baseline BMD
(if none within past 1-2 years

Normal BMD or
osteopenia with
no risk factors

Moderate osteopenia
(T< -2.0) and/or 1-2 risk
factors

Osteoporosis

« Calcium and VitD

« Exercise

« Monitor Ur NTX or
serum CTX q 6-12
mos.

. BMD q 1-2 years

Figure 13.1.

Evaluate and treat for
secondary causes

[
Calcium and Vit D
Exercise
Medial therapy
Monitor Ur NTX or
serum CTX in 3-6 mos.
for response
. Follow yearly BMD

Algorithm for evaluation and treatment of hormonal therapy used for prostate and breast cancer.
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Table 13.1.

Discontinue smoking

Avoid excess alcohol (> 2 oz per day)

(alcium 1200 mg/day in divided doses

Take carbonate with food, citrate if on H2 blockers or proton
pump inhibitors.

Vitamin D; (cholecalciferol) 800—1200 IU/day

Exercise

Weight-bearing exercise 30 min 3 times per week
Resistance training

Lifestyle interventions

Table 13.2.  Laboratory evaluation to r/o secondary causes of osteo-

porosis

Complete blood count, Serum protein electrophresis
Serum-ionized calcium

TSH

25-hydroxyvitamin D

Serum-ionized calcium, phosphorus, creatinine

Serum alkaline phosphatase, bone-specific alkaline phosphatase,
and urine N-telopeptide collagen crosslinks (NTX).

with BCa and all men with PCa. If osteoporosis
is already evident, it is important to evaluate for
secondary causes (e.g., glucocorticoid therapy,
hyperparathyroidism, vitamin D deficiency); see
Table 13.1. Calcium and vitamin D intake should
be assessed and, if deficient, prescribed at doses
listed in Table 13.2. 25-hydroxyvitamin D plasma
levels should be above 30-35 ng/ml [17].

Because morbidity and mortality due to
osteoporotic hip fractures are significant in
both women and men, moderate osteopenia in
patients with one or more risk factors or exist-
ing osteoporosis should be treated with oral or
intravenous bisphosphonates. In the absence of
osteoporosis or risk factors, we recommend that
urinary NTx or serum CTX be followed at 3-
6 month intervals, on the alert for significant
increases (of 30-50%). BMD should be evaluated
within 6-12 months following initiation of hor-
monal therapies. We also recommend initiation
of anti-resorptive treatment, if turnover markers
remain elevated and/ or if BMD declines signifi-
cantly within 6-12 months of initiation of AI or
GnRH-agonist therapy.
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Therapeutic Approaches to Metastatic Bone
Cancer lI: Targeted and Non-targeted

Systemic Agents

Stephen S. Grubbs and Charles ]. Schneider

14.1 Introduction

Skeletal metastases occur most commonly in the
advanced stages of prostate, breast, and lung
cancer, but also can occur in thyroid cancer and
renal cell carcinoma (RCC) [22]. The skeleton is
the third most common organ affected by metas-
tases from these solid tumors [17]. In general,
bone metastases disrupt normal bone remod-
eling to cause either osteolytic or osteoblas-
tic bone lesions. Metastatic breast cancer and
renal cell cancer are often associated with oste-
olytic bone lesions. Prostate cancer is associated
primarily with osteoblastic lesions [8]. Bone
metastases cause significant morbidity, includ-
ing pain, hypercalcemia, pathologic fractures,
and spinal cord or nerve root compression.
Bone metastases can occasionally lead to life-
threatening complications, and most commonly
do so for patients with bone metastases from
breast and lung cancer [17].

The ability of a tumor to metastasize to bone
may be due to the inherent properties of a sub-
set of tumor cells known as metastatic cancer
stem cells (mCSCs). The clonal selection model
of metastasis hypothesizes that certain genetic
mutations acquired by tumor cells in the process
of tumorigenesis provide a selective advantage to
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metastasize to bone [22]. This subset of tumor
cells with the ability to metastasize to and thrive
in the bone marrow microenvironment consti-
tutes potential targets for therapeutic interven-
tion. For instance, mCSCs have unique surface
phenotypes that may facilitate the use of targeted
agents directed to the surface antigens. Other
therapeutic avenues to explore include encour-
agement of mCSC differentiation, disruption of
the self-renewing abilities of mCSCs by inhibition
of pathways that mediate abnormal apoptotic
resistance such as NF-kB, and targeting unique
niche requirements of mCSCs within the bone
marrow stroma or vascular endothelium [19].
The bone microenvironment contains growth
factors that promote the engraftment and
proliferation of mCSCs. These cancer cells,
in turn, produce factors that help sustain
growth within bone. Osteolytic factors pro-
duced by bone metastases include parathyroid
hormone-related peptide (PTHrP), interleukin-
6, interleukin-11, and transforming growth fac-
tor B (TGF-B) [8]. Bisphosphonates, such as
zoledronic acid, may target the unique niche
requirements of mCSCs within the bone marrow
stroma. Alteration of the bone marrow microen-
vironment by bisphosphonates may make it dif-
ficult for mCSCs to thrive; this can explain the
cytotoxic activity of agents such as zoledronic
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acid. For instance, Facchini et al. [17] treated
60 patients with bone metastases from lung
or breast cancer with chemotherapy and zole-
dronic acid, administered in three or more
cycles every 3-4 weeks. The bone response
was related inversely to chemotherapy and to
reduced skeletal-related events (SREs) resulting
from zoledronic acid therapy. The authors sug-
gested that cytotoxic synergy between bispho-
sphonates and chemotherapy was significantly
enhanced by the effect of zoledronic acid on the
bone marrow microenvironment [17].

Bone pain from osseous metastases occurs
because of periosteal invasion by tumor cells,
an increase in intraosseus pressure in the bone
marrow cavity, and elaboration by the bone mar-
row stromal cells and the metastatic cancer cells
of biochemical mediators and cytokines. Exam-
ples of these are prostaglandins, bradykinin,
osteoclast-activating bone factor, interleukin-
1, and tumor necrosis factor-a (TNF-a) [33].
Proteolytic enzymes and cell surface proteins
also have been implicated in the establishment
and success of bone metastases and include the
matrix metalloproteinases, lysosomal cysteine
proteinases, and plasminogen activators. These
proteins constitute targets for therapeutic inter-
vention, but clinical results with several matrix
metalloproteinase inhibitors including batimas-
tat, marimastat, and prinomastat have been dis-
appointing [43].

Chemotherapy palliates pain in approxi-
mately 50% of patients with bone metastases
[15]. New targeted agents have been used in
conjunction with chemotherapy, but also singly
without chemotherapy in some malignancies.
This chapter will focus on the use of targeted
agents and chemotherapy for treating patients
with bone metastases from RCC, thyroid carci-
noma, prostate cancer, breast cancer, and lung
cancer.

14.2 Renal Cell Carcinoma

RCC frequently metastasizes to bone and, in
general, is highly resistant to radiation treatment
and chemotherapy [35]. RCC cells overexpress
the multidrug resistance protein; this explains,
in part, the low response rate to chemother-

apy. More importantly, most clear cell RCCs have
mutations that result in biallelic loss of the von
Hippel-Lindau (VHL) tumor suppressor gene.
This gene plays a key role in stimulating angio-
genesis by the vascular endothelial growth factor
(VEGF), which explains why this tumor is highly
vascularized. The VHL pathway and resulting
downstream products may be targets for ther-
apeutic agents employed in the treatment of
RCC [41].

Traditionally, patients with RCC have been
treated with immunotherapy rather than
chemotherapy, because RCC cells express the
multidrug resistance gene. Newer targeted
therapies largely have replaced immunotherapy.
Immune stimulation using alpha-interferon or
interleukin-2 can induce tumor regression in
some patients. Other forms of immunotherapy
have shown some promise in the treatment
of metastatic RCC. Monocyte-derived tumor-
antigen-sensitized dendritic cells are being
investigated, not only in patients with RCC,
but also in patients with bone metastases from
prostate cancer. Monoclonal antibodies directed
to RCC antigens, such as G250 (WX G250), are
being investigated, as are monoclonal antibod-
ies directed against IL-6. Finally, monoclonal
antibodies directed against TNF-a, such as
infliximab, show some promise in treating
patients with metastatic RCC [41].

An important downstream product of VHL,
which is a potential target for therapeutic agents,
is hypoxia-inducible factor (HIF). The VHL
tumor-suppressor gene product is known as
pVHL, which under normoxic circumstances
binds the HIF-a to form a complex. In condi-
tions of hypoxia, or due to a defective/mutated
pVHL function, the interaction is dysfunc-
tional, resulting in accumulation of HIF-q,
which in turn results in the transcription of
several hypoxia-inducible genes. Some of these
genes produce tumor-active growth factors,
such as VEGF and platelet-derived growth fac-
tor (PDGF). The growth factors play an impor-
tant role in angiogenesis, cell proliferation, and
cell survival [41, 35]. Some novel agents that
disrupt angiogenesis by inhibiting HIF down-
stream products include bevacizumab, PTK787,
SU11248, gefitinib, cetuximab, erlotinib, Bay43-
9006, and ISIS-5132 [35].



Therapeutic Approaches to Metastatic Bone Cancer I

M

Anti-angiogenesis drugs have shown promise
in treating RCC, largely due to the HIF-induced
increase in angiogenesis described above.
Thalidomide inhibits angiogenesis by down-
regulating HIF-induced production of VEGE
Neovastat (AE-941), obtained from shark
cartilage, inhibits several HIF-induced VEGEF-
dependent processes. Several small molecules
interact with the HIF-induced VEGF pathway.
Sunitinib (sutent) is a multitarget inhibitor
that interacts with VEGE, PDGFR, KIT, and
FLT3R tyrosine kinases. PTK787/ZK2222584 is
a selective inhibitor of VEGFR-1, VGEFR-2, and
PDGFR-beta tyrosine kinases [41].

Bevacizumab is a humanized monoclonal
antibody that binds all subtypes of HIF-induced
VEGF and has substantial activity in RCC [41].
In a study involving 116 patients, bevacizumab
(10 mg/kg) significantly slowed disease pro-
gression. The probability of being progression-
free (PF) at 8 months was 14% for the
low- (3 mg/kg) and high-dose (10 mg/kg) groups
combined, compared with a probability of 5%
for the placebo group. There was no appreciable
difference in overall survival, because patients
on placebo were unblinded at the time of
disease progression and received bevacizumab
instead [44].

The Raf kinase pathway is complex and con-
stitutes another therapeutic target for patients
with metastatic RCC. RAF proteins play an
essential role in regulating normal cell prolif-
eration and apoptosis. Many agents interfere
with this pathway by blocking expression of
the protein, or by interfering with the kinase
activity of the activated protein. A specific
inhibitor of Raf-1 kinase is sorafenib (Nexavar),
an oral inhibitor of Raf and also of other tar-
gets such as the receptor kinases of VEGFR-2,
VEGFR-3, FLT-3, PDGFR, and c¢-KIT [7]. In a
phase III randomized placebo-controlled trial
of 905 patients, who were cytokine-refractory,
sorafenib yielded a PF survival in 2% of patients,
and resulted in stable disease in 78% of patients.
Tumor shrinkage or stabilization was observed
in 74% of patients taking sorafenib, compared
with 20% of patients receiving placebo. Median
PF survival was 24 weeks in the sorafenib group,
compared with 12 weeks in the placebo group.
Preliminary results also showed improved

overall survival in all patient subgroups receiv-
ing sorafenib [16].

Sunitinib is another Raf kinase inhibitor.
Two phase II studies using sunitinib in patients
with RCC who failed first-line treatment with
cytokines showed significant results. In the first
study of 64 patients, 40% achieved a partial
response, with 33% disease-stable. The clinical
benefit ratio, defined as an objective response
plus disease stability, was greater than 70%.
Of the 25 patients achieving a PR, the median
duration of response was 10+ months. Median
time to progression was 8.3 months, and median
overall survival was 16 months. In the second
trial, preliminary results reported an objective
response in 29% of 83 patients [28].

The mammalian target of rapamycin (mTOR)
regulates signal transduction pathways that
involve cell cycle progression, cell proliferation,
cell survival, cell mobility, and angiogenesis.
Mutations in mTOR are prominent in RCC cells.
CCI-779 (temsirolimus) is a specific inhibitor
of mTOR, which has activity against metastatic
RCC. In a randomized double-blind phase II
study, an objective response was observed in
7% of patients, and minor responses were
observed in 26% of patients [3]. Temsirolimus
has been approved by the Food and Drug
Agency (USA) for use in patients with refractory
metastatic RCC.

14.3 Thyroid Cancer

14.3.1 Well-Differentiated Carcinoma
of the Thyroid

Targeted therapy of bone metastases due to a
well-differentiated thyroid cancer exploits the
avidity for iodide by thyroid cells to deliver radi-
ation from 1*'T directly to the bone metastases,
thus destroying them [40].

14.3.2 Medullary Thyroid Carcinoma

Thyroid carcinoma cells do not bind iodine
and therefore cannot be treated with "I
No effective systemic treatment is known
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to treat distant metastases from MTC [12].
Chemotherapeutic agents that have been eval-
uated include 5-fluorouracil, doxorubicin, and
etoposide (FDE); doxorubicin and strepto-
zotocin; and 5-fluorouracil with dacarbazine
(DTIC) [26].

Hormone therapy of medullary thyroid car-
cinoma (MTC) with octroetide, a somatostatin
analog that inhibits neuroendocrine tumor cell
growth by inhibiting the release of growth-
promoting hormones, by inhibiting angiogen-
esis and by modulating immunologic activity,
has been conducted. Somatostatin analogs, by
binding to somatostatin receptors, have a direct
cytotoxic effect on tumor cells. Because MTC
cells have surface receptors for somatostatin,
somatostatin analogs have been evaluated, but
while symptoms have improved in some patients
because hormone release by tumor cells is
reduced, octreotide does not reduce tumor mass
or improve survival [12].

Because C cells secrete carcinoembryonic
antigen (CEA), anti-CEA antibodies have been
utilized therapeutically. Sharkey et al. [34]
showed that a humanized anti-CEA antibody
(labetuzumab) inhibited MTC tumor growth in
vivo and sensitized tumor cells to responding
to DTIC treatment. These promising labora-
tory observations notwithstanding, a phase-1
trial utilizing radiolabeled labetuzumab in
conjunction with high-dose doxorubicin and
peripheral blood stem cell rescue showed
limited benefit in patients with advanced
MTC [18].

Because mutations in the RET proto-
oncogene are a component of hereditary MTC,
the RET product could be a target for treating
patients with MTC. RET encodes a trans-
membrane tyrosine kinase receptor. Ligands
for RET include a glial-derived neurotrophic
factor known as GDN, along with three other
members of this family: neurturin, artemin, and
persepherin. The RET tyrosine kinase receptor
binds with two copies of its co-receptors, acti-
vating multiple downstream pathways including
ERK, P13K/AKT, p38 MAPK, and JNK. Receptor
blockade or inhibition induces apoptosis in
MTC cells. Small-molecule tyrosine kinase
inhibitors under study for MTC include ZD6474
(Zactima), sorafenib (Nexavar), sunitinib
(Sutent), and imatinib mesylate (Gleevac) [4].

14.3.3 Anaplastic Thyroid Carcinoma

Anaplastic thyroid carcinoma (ATC) has a
rapidly fatal course, with median survival after
diagnosis of 4-12 months. Systemic metastases
occur in 57-75% of patients, with lung being
the most common site (80%), followed by bone
(6-15%) and brain (5-13%). Chemotherapy
agents that have significant activity against ATC
cell lines and have clinical utility include dox-
orubicin, paclitaxel, vinorelbine, gemcitabine,
bleomycin, cyclophosphamide, 5-fluorouracil,
cisplatin, and mitoxantrone [42].

The response rate of doxorubicin therapy is
no greater than approximately 20%. Combina-
tion therapy using doxorubicin with cisplatin
or bleomycin gives no better clinical response
than doxorubicin therapy alone. Addition of
paclitaxel improved the response somewhat, but
had no effect on the eventual fatal outcome
[30]. In a phase II trial of 19 patients with
persistent local or metastatic ATC, infusion of
taxol (120-225 mg/m? over 96 h) produced a
response rate of 57%, with one response com-
plete. Responses, however, were of short dura-
tion [1].

The epidermal growth factor receptor (EGFR)
may be a promising target for treating ATCs,
because approximately 40% of ATC cases over-
express this receptor [14]. Because ATC cells con-
sistently overexpress EGFR, gefitinib (Iressa) can
effectively block activation of EGFR by EGF, lead-
ing to inhibition of ATC proliferation and induc-
ing apoptosis. Studies in a subcutaneous nude
mouse model showed that gefitinib had signifi-
cant antitumor activity. It therefore can be a can-
didate for use in human clinical trials [18].

The ubiquitin-proteosome pathway is a major
pathway for the degradation of intracellular pro-
teins. Bortezomib (Velcade) is a proteosome
inhibitor thatinduces apoptosisin medullary and
anaplastic thyroid cancer celllines. The combina-
tion of bortezomib with the chemotherapy agent,
doxorubicin, appears to be synergistic [25].

14.4 Prostate Cancer

Prostate cancer metastasizes almost exclusively
to bone, where bone lesions are primarily
osteoblastic, or ‘bone-forming.” Although the
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mechanisms that induce osteoblastic response
are poorly understood, in vitro studies have
shown that prostate cancer metastases secrete
soluble factors that induce proliferation and
differentiation of osteoblast precursors. Solu-
ble factors that induce these cellular reactions
include bone morphogenetic proteins (BMPs),
insulin-like growth factor-1 (IGF-1), endothe-
lin, and ligands for the low-density lipoprotein
receptor-related protein 5 [31].

Cytotoxic agents have not been routinely
used in hormone-refractory prostate cancer that
has metastasized, because of the widely held
belief that prostate cancer does not respond to
chemotherapy. Modern treatment strategies for
hormone-refractory prostate cancer have now
evolved to include cytotoxic agents, inasmuch
as chemotherapeutic agents, when used in con-
junction with corticosteroids, offer effective pal-
liative treatment for patients with metastatic
disease [29].

Docetaxel is the most widely used chemother-
apeutic agent for patients with hormone-
refractory prostate cancer. The taxane drugs
exert their effects by binding to and causing
polymerization of the mitotic spindle appara-
tus microtubules; this results in cell instabil-
ity and cell cycle arrest. Docetaxel, a semi-
synthetic analog of paclitaxel, exhibits signifi-
cantly greater cellular affinity and uptake and
slower cellular efflux than paclitaxel. This effec-
tively prolongs the length of time the cancer
cell is exposed to the drug. The taxanes also
induce apoptosis via phosphorylation and inac-
tivation of the anti-apoptotic protein bcl-2, acti-
vation of the jun N-terminal kinase (JNK) path-
way, and activation of the caspase signaling
pathway [29].

The Tax 327 study compared docetaxel and
steroids to mitoxantrone and steroids. The most
effective treatment was docetaxel 75 mg/m?
administered every 3 weeks; it led to statis-
tically significant improvement in overall and
median survival. Patients receiving docetaxel
plus steroids also enjoyed significant improve-
ments in pain (35% vs 22%), prostate-specific
antigen (PSA) response (45% vs 32%), and qual-
ity of life, compared to the mitoxantrone plus
steroid group [38].

Zoledronic acid, at a concentration found
in bone, enhances the anti-tumor activity

of docetaxel in the hormone-resistant prostate
cancer cell line PC-3, although the osteolytic
rather than osteoblastic nature of this cell line
may be a factor in the results. Cells were exposed
to zoledronic acid in combination with or in
sequence to docetaxel. Cell viability, apopto-
sis, and markers for inhibition of the meval-
onate pathway were analyzed 48 h and 72 h
after drug treatment. Reduction in cell viabil-
ity and increases in apoptosis were most pro-
nounced when zoledronic acid was given alone.
This suggests that patients with bone metastases
due to prostate cancer may experience tumo-
ricidal benefit from zoledronic acid without
chemotherapy. This in vitro finding supports the
hypothesis that bisphosphonates are cytotoxic
even without accompanying chemotherapy. Pre-
sumably they alter the bone marrow stroma
microenvironment in a way that decreases cell
stability and their ability successfully to metas-
tasize to the bone marrow [27].

The endothelin-A (ETa) antagonist atrasen-
tan has shown promise in the treatment of
patients with hormone-refractory prostate can-
cer. It inhibits growth of prostate cancer cells
by blocking the ETa/ET-1 transduction path-
way, producing a dose-dependent suppression
of bone formation markers. Preliminary studies
suggest improvement in pain, and a decrease in
the markers of bone progression [20].

Finally, the vitamin D  metabolite,
1,25(0H);D3, may play a beneficial role in
the treatment of bone metastases in patients
with prostate cancer. The direct actions of
1,25(0H), D3 on the bone-forming unit are com-
plex. 1,25(0H),D; can induce bone resorption,
a process that is mediated by upregulating the
expression of RANKL (osteoclast differentiating
and activating factor). In tissue culture and in
animal models, 1,25(0OH),D3 and its analogs
inhibit proliferation of malignant cells and
induce cancer cell differentiation and apoptosis.
For this reason, 1,25(0H),D; and its analogs are
being studied in patients with bone metastases
from prostate cancer [31]. For example, Beer
et al. [6] found that treatment with 1,25(OH), D3
and docetaxel of patients who had advanced,
androgen-independent prostate cancer was
more effective than docetaxel treatment alone
in causing a decrease in plasma levels of PSA
and other measurable parameters of disease



224

Bone and Cancer

[6]. ASCENT (K), a large phase III placebo-
controlled double-blinded randomized clinical
trial, is currently being conducted at 58 medical
centers to determine whether 1,25(OH),D3
enhances the effectiveness of docetaxel and glu-
cocorticoids therapy in patients with advanced
prostate cancer [5].

14.5 Breast Cancer

Chemotherapy can provide significant palliation
for patients with bone metastases due to breast
cancer. Among the most active agents currently
in use for these patients are the taxanes, anthra-
cyclines such as doxorubicin and epirubicin,
gemcitabine, navelbine, and 5-fluorouracil. Most
other agents are currently used in combination
with chemotherapy [24].

Paclitaxel has been studied in combination
with other agents. A phase III randomized trial
[24] compared paclitaxel to paclitaxel plus beva-
cizumab in 722 patients with metastatic breast
cancer. The primary endpoint was PF survival,
and the secondary endpoint was overall sur-
vival. The combination was significantly bet-
ter than paclitaxel alone, with PF survival of
11.98 months compared to 5.9 months, and an
objective response rate of 36.9% vs 21.2%. The
hazard ratio for progression was 0.60, favoring
the combined treatment arm. In a small group
of patients with metastatic breast cancer, the
addition of trastuzumab to taxane chemother-
apy increased the response rate to 83.3%, com-
pared with 33.3% in the group that received only
trastuzumab [32].

Lapatinib is a tyrosine kinase inhibitor that
targets the epidermal growth factor receptor
(EGFR) and the human epidermal growth factor
receptor-2 (HER2), both of which are frequently
overexpressed in breast cancer. When HER2 is
used as first-line monotherapy for advanced
breast cancer, objective responses are seen in
28% of patients [18]. In a phase II study the
efficacy of lapatanib, the EGFR/human epider-
mal growth factor receptor type 2 (HER2) tyro-
sine kinase inhibitor was assessed in patients
with both HER-2 positive and HER-2 negative
metastatic breast cancer. The majority of these

patients had previously been treated with four
or more chemotherapy regimens, with 4.3% of
the HER-2-positive patients responding. Clini-
cal benefit was observed in 6%, with a PF inter-
val of 6 months. The HER-2-negative cohort
did not respond [9]. In a phase III trial of
339 women with HER2-positive advanced breast
cancer, capecitabine plus lapatinib was superior
to capecitabine alone. The addition of lapatinib
prolonged time to progression with a hazard
ratio (HR) of 0.57 (p = <0.001), and provided
a trend toward improved overall survival (HR
0.78, p = 0.177) [10].

Osteoclasts mediate bone destruction in
breast cancer skeletal metastases. The proteinase
cathepsin K is secreted by osteoclasts, degrades
bone, but is also expressed by breast cancer cells
that metastasize to bone. A cathepsin K inhibitor
(CKI), used in a mouse model, caused a 79%
decrease in osteolytic lesions [21]. This agent
has not been studied in humans.

14.6 Lung Cancer

About 30-41% of patients with non-small cell
lung cancer (NSCLC) develop skeletal metas-
tases, and 45-50% develop SREs [39]. Cumula-
tive survival rates after bone metastases from
lung cancer are 59.9% at 6 months, 31.6% at 1
year, and 11.3% at 2 years. The mean survival
for patients with osseous metastases from lung
cancer is 9.7 months. The prognosis is some-
what more favorable in women, in patients with
adenocarcinoma, with solitary bone metastases,
without metastases to appendicular bone, in
patients with no pathologic fractures, with the
Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1, or in patients
who receive systemic chemotherapy or an EGFR
inhibitor [36].

In October 2006, the Food and Drug Admin-
istration (USA) approved bevacizumab for use
in combination with carboplatin and pacli-
taxel to treat patients with locally advanced,
recurrent, or metastatic, nonsquamous NSCLC.
FDA approval was based on the results of
a randomized, open-label phase III trial that
had been conducted by ECOG. In that trial,
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777 chemotherapy-naive patients with Stage III
or IV NSCLC received carboplatin and pacli-
taxel alone or in combination with bevacizumab.
The latter had a significantly better and longer
(by ~2 months) overall survival, than did the
patients who did not receive bevacizumab [11].

Up to 10% of patients with NSCLC responded
to EGFR tyrosine kinase inhibitors, such as
erlotinib or gefitinib. Response is better in
non-smokers, in women, in patients with ade-
nocarcinoma, and in persons of Asian ethnic-
ity. Molecular analysis shows that somatic muta-
tions in the EGFR tyrosine kinase domain are a
strong predictor of response. The L858R point
mutation and the E746-A750 deletion constitute
90% of the mutations in responding patients [9].
In a phase II trial reported by Tamura et al. [37],
patients with advanced NSCLC received gefitinib
if they harbored EGFR mutations. Of the 118
patients screened for mutations, 32 patients had
the mutations and 28 were enrolled in the study.
The overall response rate to gefitinib was 75%,
the disease control rate was 96%, the median PF
survival was 11.5 months, and the 1-year sur-
vival rate was 79%. Median overall survival has
not yet been reached.

14.7 Radiopharmaceuticals

Bone-seeking radiopharmaceuticals constitute
an effective palliative and therapeutic interven-
tion for patients with bone metastases. Sev-
eral bone-seeking radiopharmaceuticals are in
current use to identify bone scans in patients
with osteoblastic, or mixed osteoblastic and
osteolytic bone metastases. Of these, 153Samar-
ium lexidronam (153Sm-EDTMP, Quadramet,
Cytogen, Samarium) is designed for deposition
in bone metastases. In a study of 32 patients
with painful bone metastases from hormone-
refractory prostate cancer who received this
radiopharmacetical, palliation was observed in
23 patients (72%) for 3 months, with mini-
mal hematologic toxicity [13]. It is conceivable
that combining 153Sm-EDTMP with bisphos-
phonates, chemotherapy, and/or radiation may
bring about substantial improvement in pallia-
tion [2].

Another bone-seeking radiopharmaceutical
currently in use is Sr (Metastron, Strontium).
88Sr is a pure beta emitter with a maximum
energy of 1.49 MeV and a physical half-life
of 50.5 days. In 79 patients with bone metas-
tases, 19 of whom had breast cancer, and 61
of whom had prostate cancer, four radiophar-
maceuticals were assessed for effect on pain,
quality of life, and bone marrow function [23].
Seventy-three percent of patients reported pain
relief, 15% were able to discontinue analgesics.
There was an overall improvement in Karnof-
sky PS from 70% to 78% at the 112-week end-
point. Ten patients had grade 1 or 2 thrombo-
cytopenia, which was reversible within 12 weeks
after receiving the radiopharmaceutical treat-
ment dose. There were no significant differences
between the four radiopharmaceuticals.

14.8 Conclusion

The modern oncologist possesses a variety of
systemic therapies for bone metastases in addi-
tion to traditional palliative localized radiation
therapy. Conventional chemotherapy options
are now augmented by an expanding array
of targeted molecules. Bisphosphonates and
radiopharmaceuticals offer additional palliative
options. Curative therapies remain elusive, but
the expanding knowledge of cellular transduc-
tion pathways, of the interaction with the bone
matrix, and of future clinical trials to develop
therapeutics offers optimism for eventual cura-
tive strategies.
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The Role of Allogeneic Bone Marrow

Transplant in Cancer Treatment
Jose Francisco Tomas and Sergio A. Giralt

15.1 Introduction and Historical
Perspectives

Based on the observations [10,53] in ani-
mal models that the lethal myelosuppression
induced by total body irradiation (TBI) could be
overcome by the infusion of un-irradiated bone
marrow, hematopoietic cell transplantation has
evolved from idea to a well-established therapy
used in the treatment of thousands of individu-
als around the world.

Dr E. Donnall Thomas, who earned the Nobel
Prize for his pioneering work in the field,
reported in 1957 the results of treating two
patients suffering from advanced leukemia with
supra-lethal radiation, followed by an infusion
of marrow from their identical twins [88]. The
prompt engraftment of both patients demon-
strated the feasibility of the approach. Further
attempts at marrow transplants using donors
other than identical twins were made over the
next decade. The first patient engrafted using
allogeneic marrow was reported by Mathe in
1965 [56], but the patient died of compli-
cations probably related to graft-versus-host
disease (GVHD).

A number of critical laboratory studies,
performed during the 1950s and 1960s, were the
basis for the first successful allogeneic trans-

229

plants in humans. These included the discovery
by Dausset [25] and van Rood [93] of a number
of antigens expressed on human leukocytes
(human leukocyte antigens or HLAs). The
first therapeutically successful human marrow
transplants were performed in three infants
with severe combined immunodeficiency who
received transplants from their HLA-matched
siblings [7,26,38]. These severe immune-
deficient patients did not require a preparative
regimen to prevent graft rejection to eliminate
disease.

The first successful transplants requiring a
preparative regimen were reported in 1972 by
a Seattle group that used a preparative regimen
with high-dose cyclophosphamide and post-
transplant methotrexate in patients with aplastic
anemia [87].

In 1977 Thomas and colleagues published a
follow-up of the first 100 patients transplanted
for advanced leukemia. Their report provided
convincing evidence that transplantation could
cure patients with refractory acute leukemia
[86].

In the early days of stem cell transplants (SCTs)
itwas thought that the curative effect of allogeneic
transplant was primarily due to the high doses of
chemo-radiotherapy, with the donor bone mar-
row simply allowing for hematopoietic recovery
in an adequate period of time. It is now apparent
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that the true success of transplantation is not
only due to dose intensity, but involves a pow-
erful donor immune response against the host
malignancy, a phenomenon known as the graft-
versus-tumor (GvT) effect [18].

In the late 1990s myeloablation was shown not
to be necessary for a full donor hematopoiesis.
As a result it is now possible to utilize the anti-
tumor activity of the transplant, yet reduce the
toxicity due to the high-dose preparative regi-
men [40,81,83]. This new technique, known as
reduced-intensity conditioning (RIC), has made
it possible for older and more debilitated patients
to benefit from the GvT effects. In this chap-
ter we will summarize the current role of allo-
geneic stem cell transplantation in the treatment
of patients with cancer.

15.2 Principles and Technical
Aspects of Stem Cell
Transplantation

The primary components of all hematopoi-
etic transplants are schematically represented in
Fig. 15.1 and include:

a) Recipient: The patient who has a malignancy,
an intrinsic bone marrow disorder, or a genetic
disorder.

b) Donor (the provider of cells): When the cells are

provided by the patient to himself, it is known as an

autologous transplant; when the cells are provided
by a donor it is known as an allogeneic transplant.

When the donor is an identical twin it is referred to

as syngeneic transplant.

Preparative regimen: Physical and chemical agents

that provide immunosuppression to the patient who

is to receive an allogeneic transplant so as to prevent
rejection of the donor graft.

Stem cell source: Source of the hematopoietic pro-

genitor cells, usually cytokine primed stem cells

from blood or bone marrow, although cord blood
also can be used.

e) Post-transplant supportive care.

-

C

d

=

Allogeneic transplantation is usually per-
formed in patients with diseases that primarily
affect the patient’s bone marrow (i.e., leukemia
or bone marrow failure syndromes); autolo-
gous transplantation is usually performed in
patients with malignancies that spare the bone
marrow, such as lymphomas and some solid
tumors.

O Hematopoietic Cell Transplant

Donor

Preparative
Regimen

Post Transplant
Supportive Care

GVHD Prophylaxis

! ‘Stem Cell Source

Recipient Complete Chimera

Figure 15.1.  Components of allogeneic hematopoietic transplantation.
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Transplant conditioning regimens are
generally chemotherapy-based or TBI-based
protocols. TBI is both immunosuppressive
and myeloablative. TBI is associated with a
number of short- and long-term complications
including secondary malignancies, cataracts,
and endocrine dysfunction.

The toxicities of TBI-based regimens led
to the development of radiation-free condi-
tioning regimens. Of these, the most com-
monly used chemotherapy is the combination
of busulfan and cyclophosphamide, developed
by Santos and coworkers [75] and modified by
Tutschka et al. [92]. High plasma levels of busul-
fan and cyclophosphamide are associated with
increased incidence of hepatic veno-occlusive
disease (VOD) and other toxicities [57, 92,80].
An intravenous formulation of busulfan is now
available that allows dosing once or twice daily
with more predictable delivery [3,4].

Historically, hematopoietic stem cells used
for transplantation bone marrow cells were
obtained from the posterior iliac crests of the
donor [86]. Because complications associated
with this procedure are very low, it can generally
be performed on an outpatient basis. Increas-
ingly, since the early 1990s, peripheral blood-
derived stem cells (PBSCs) have been used in
preference to bone marrow stem cells, inas-
much as the PBSCs are derived from bone and
their use has led to accelerated recovery of
hematopoiesis when compared to bone marrow
[12,13,51,76].

Umbilical cord blood (UCB) is another rich
and easily accessible source of hematopoietic
stem cells [74]. Because cord blood cells are less
immunocompetent than adults cells, the risk of
inducing GVHD may be lower than with adult
marrow cells. The small volume of available cord
blood (50—150 mL) makes for low stem cell
doses in adult patients. Cell dose is an impor-
tant predictor of engraftment and outcome. UCB
has therefore been explored primarily for use
in children in whom outcomes are like those in
patients who receive stem cells from related or
unrelated donors [71,72,74,94]. Improvement in
cord blood procurement and storage techniques
and new approaches, such as double cord blood
transplants or the transient support from CD34
cells from haploidentical family members, have

increased the use of cord blood cells in adults
[32,71,72].

15.3 Current Indications
for Allogeneic Stem Cell
Transplantation in Cancer
Patients

15.3.1 Acute Myeloid Leukemia (AML)

With the exception of acute promyelocytic
leukemia, allogeneic SCTs offer the highest
antileukemic potency if an AML patient is in
remission after conventional therapy. Because
mortality is increased as a result of the trans-
plant, randomized trials comparing chemother-
apy with allogeneic or autologous SCT led to
conflicting results [17,20,43,47,68,84,96,99]. In
AML patients whose prognosis is poor because
of adverse cytogenetics, secondary leukemias, or
minimal residual disease (MRD), therapy with
allogeneic SCT in CR1 is strongly indicated.
The use of RIC has extended this therapy to
patients in their sixth and seventh decades of life
[11,16,31,40,52,61,62]

Patients beyond first remission do less well
with allografting than first remission patients,
but allografting is still the best approach to
obtain long-term disease control. Patients with
chemosensitive disease, long first remissions,
and good performance status do reasonably well
with allografting [90], but even patients with
refractory disease have better outcomes than
those treated with conventional chemother-
apy. Transplants with stem cells from the best
available donor should therefore be considered
for patients in remission, whether the first or
later, as well as for patients with refractory
disease.

Because only 20-30% of patients have a
match sibling donor, alternative sources, such as
matched unrelated donors, cord blood, or mis-
matched related transplants should be consid-
ered. Aversa et al. [6] used haploidentical SCT
in 66 patients with high-risk AML and found
event-free survival (EFS) in nearly 60% of those
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transplanted in CR, as opposed to 16% of non-
transplant patients.

15.3.2 Acute Lymphoblastic Leukemia
(ALL)

Pediatric ALL is one of the most success-
ful stories in oncology. What used to be uni-
formly fatal can now be cured in more than
80% of patients. Moreover, a substantial frac-
tion of relapsing patients can be rescued with
chemotherapy, with or without SCT [66]. In con-
trast to the excellent results achieved in pedi-
atric patients, outcomes for adult ALL patients
are disappointing [46]. Currently nearly 90%
of adult patients complete CR, but only one-
third will be long-term survivors. Factors that
predict a low probability of cure include high
WBC count at diagnosis (>30,000/pL for B-
cell lineage and > 100,000/pwL for T-cell lin-
eage), cytogenetics, time to attain CR1, pres-
ence of MRD by flow cytometry at day 30, and
extramedullary disease. For these patients most
of the investigators recommend an allogeneic
transplant [45,69,73,85,89]. In the largest trial
reported to date [73], 1826 adult ALL patients
were given induction therapy and 91% did CR.
All patients younger than 50 years old with a
matched sibling donor received a myeloablative
allogeneic SCT with TBI. A total of 389 patients
with a donor were compared with 524 controls.
EFS and OS were statistically superior in the
donor group: 50% vs. 41% (p: 0.009) and 53%
vs. 45% (p: 0.02). The optimal allogeneic effect
was observed in the standard-risk rather than
the high-risk group, with the groups defined by
age and WBC count. Other studies have not sup-
ported allografting in adult ALL patients, with
the procedure used primarily in patients with
high-risk disease [45,85,89].

Even though results for patients in later
remissions, early relapse, or primary refractory
disease are inferior to those obtained in patients
in CR1, an allogeneic SCT improves outcomes
when compared to other therapies [34].

15.3.3 Chronic Myeloid Leukemia (CML)

Before the development of the tyrosine kinase
inhibitor (TKI), imatinib mesylate, allogeneic

SCT was considered the best treatment for CML,
with 5-year disease-free survival rates attaining
85% [67]. With the advent of imatinib and other
new TKIs allogeneic transplantation is no longer
the first option for CML patients [41], but is lim-
ited to patients in chronic phase who failed one
or, in some instances, two lines of TKIs [42].

In weighing the allogeneic stem cell graft vs.
treatment of the leukemia, a non-myeloablative
SCT seems an attractive strategy. However, in
patients under 50 years of age, a reduced-
intensity allo-SCT offers a major advantage to
conventional conditioning [24].

Patients with accelerated, blastic, or second
chronic phase CML cannot be cured with ima-
tinib and even though clinical results of trans-
plantation are poor for these types of CML, trans-
plantation remains the only potential cure [95].

15.3.4 Myelodysplastic Syndromes
(MDSs)

Allogeneic transplantation is the only curative
treatment for MDS. Because patients with MDS
are older, transplantation has generally been
limited to patients with higher risk or advanced
disease, in whom the relapse rate is appreciable.

Pre-transplantation induction chemotherapy
is as yet controversial [78], even though Yakoub-
Agha et al. [98] reported that patients with
secondary MDS who achieved remissions with
pre-transplant chemotherapy had a substan-
tially better relapse-free survival after SCT
than patients who did not achieve a remis-
sion [98]. A retrospective analysis indicated that
pre-transplant chemotherapy reduced the risk
of post-transplant relapse, but failed to be of
advantage for post-transplant relapse-free sur-
vival. These observations suggest that responses
to pre-transplant chemotherapy may select for
those patients who fare better after transplanta-
tion, even without prior therapy [28].

A report from IBMTR [79] in 452 MDS
patients with transplants from HLA-identical
siblings showed the best results in younger
patients with a low tumor burden (<5% blasts).
A conditioning regimen without TBI was best
when the donors were not related to the
patients [21]. With pharmacokinetic monitor-
ing of oral busulfan, Deeg et al. [28] obtained a
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relapse-free survival for 3 years. Survival ranged
from 80% for patients with low IPSS to 29% for
those with a high IPSS score [28]. Because MDS
patients are older and experience comorbidity,
developing less-toxic regimens with RIC and
non-myeloablative conditioning is of great
importance. Inasmuch as relapse is the main
cause of failure for this approach [27,52,55,60], it
is important to define the optimum conditioning
regimen so as to be able to extend this therapy to
more patients [30].

15.3.5 Lymphoid Malignancies
(Non-Hodgkin’s Lymphoma; Hodgkin’s
Lymphoma, Multiple Myeloma and
Chronic Lymphocytic Leukemia)

Autologous SCTs are well established as curative
therapy for relapsed Non-Hodgkin’s lymphoma
(NHL) and Hodgkin’s Lymphoma. Clinical
results of autologous SCT for primary resistant
Hodgkin’s disease (HD) or non-chemosensitive
relapse patients are poor [14,44,77].

Conventional allografting has led to
extremely high rates of non-relapse mortality
[36]. The possibility of using non-myeloablative
or a RIC regimen in this group of patients seems
very promising [1,2,58]. Peggs et al. [63] have
shown that long-term disease control is feasible
after RIC allografting, particularly in patients
with chemosensitive relapses and minimum
tumor bulk [63].

Chemosensitive relapse of follicular lym-
phoma occurred in some of the best reported
outcomes for reduced-intensity regimens
[49,59]. Patients with follicular lymphoma have
many treatment options that provide long-term
disease control without the risk of GVHD. Allo-
geneic transplantation for follicular lymphoma
continues to be explored as one therapeutic
approach.

Patients with diffuse lymphoma who are
chemorefractory do poorly. Whether an autolo-
gous transplant followed by a reduced-intensity
allograft can change the poor outcome is
yet to be determined [19,64,70]. In cases of
aggressive NHL, RIC allografting is particu-
larly encouraging for mantle cell lymphoma
(MCL). Khouri et al. [50] reported a 82% EFS

and 86% overall survival in 18 patients under-
going reduced-intensity regimen with fludara-
bine/cyclophosphamide. Maris et al. [54] also
reported encouraging outcomes for patients
with recurrent MCL that had undergone an allo-
geneic transplant after a low-dose TBI. Overall
survival of 65% at 2 years compares favorably
with fludarabine-containing regimens and may
become future phase III trials [54].

Chronic lymphocytic leukemia (CLL) has
been considered a good candidate for RIC allo-
grafting [48]. Dreger et al. [29] reported that
in 77 patients with CLL the NRM rate was
18% at 1 year and the EFS was 56% at 2
years. These findings should be compared with
other non-transplant therapies in patients fail-
ing frontline therapy [29]. Sorror et al. [82]
reported the results of a low-dose TBI RIC reg-
imen for the treatment of advanced CLL, with
a NRM of 22% at 2 years, and a 52% EFS
at 2 years. This strategy also warrants further
study in CLL patients who relapse after primary
therapy.

A diagnosis of multiple myeloma is the most
common indication in the US and Europe for
the use of autologous SCT. This is so because
multiple myeloma is one of the few hematolog-
ical malignancies in which the impact of dose
intensity has been demonstrated and confirmed
in large randomized trials [5,22]. The median
remission after autologous transplant is around
3 years, and over 90% of patients will have
recurrent disease by 10 years post-transplant
[9]. A graft-versus-myeloma effect has been
demonstrated [91]. However, transplant-related
mortality (TRM) in myeloma patients using
conventional regimens has been unacceptably
high [35].

Data with RIC regimens are encouraging
and based on the above high transplant-related
mortality. Several studies have demonstrated
that TRM was decreased with RIC regimens,
but the relapse rate is greater than with
standard allografting [23]. The principal fac-
tors determining outcome were the state of
the disease at transplantation and the pres-
ence of chronic GVHD. Two large comparative
trials have demonstrated a potential benefit
for patients who underwent a RIC allograft as
consolidation of an autologous SCT for primary
therapy of myeloma [15,37].
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15.4 Transplant-Related
Complications

Appropriate supportive measures to deal with
transplant complications depend largely on what
complications the patient may face at a given
post-transplant date. The temporal relation-
ship of common infectious and non-infectious
complications is depicted in Fig. 15.2. Nausea,
dehydration, and gastrointestinal symptoms
associated with the conditioning regimen can be
managed by standard procedures and with care-
ful monitoring of fluid and electrolyte status [8].

GVHD is the most important limitation
to successful transplantation. Clinically acute
GVHD involves a maculopapular skin rash,
enteritis involving the distal small bowel or
colon, and hepatitis. A particular organ or a
group of organs may be involved. Acute GVHD
generally presents within 100 days after trans-
plantation, but may also present later [33]. The

best therapy for GVHD is prophylaxis. The pro-
phylactic use of methotrexate and a calcineurin
inhibitor (cyclosporine or tacrolimus) reduces
the acute GVHD and improves survival [33].
Chronic GVHD occurs in 20-50% of long-
term survivors. Risk factors include older age,
prior acute GVHD, use of donor buffy coat
infusions, and prior HSV infection. In 20% of
cases there is no history of prior acute GVHD.
Patients are at risk for developing chronic GVHD
from 3 months after transplantation to 6 months
after discontinuation of all immunosuppres-
sive therapies. Recent studies show that histo-
logic changes consistent with chronic GVHD
may be detected within 60 days of transplant.
Common manifestations of GVHD include the
sicca syndrome, lichen planus-like skin rash,
scleroderma-like skin changes, esophageal and
intestinal fibrosis, obstructive lung disease with
or without pneumonitis, and elevated alka-
line phosphatase with or without hyperbiliru-
binemia. Immunologic deficiencies including
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Temporal relationship of most common transplant complications.
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hypogammaglobulinemia are common, placing
patients at increased risk for infections [39].

Patients who undergo stem cell transplanta-
tion are at risk for secondary malignancies, with
10-13% incidence at 15-years post-transplant.
Malignancies include NHL, myelodysplastic
syndrome, skin cancer, head and neck can-
cers, as well as other solid tumor malignan-
cies. Age and immunosuppressive therapy for
chronic GVHD are significantly correlated with
the risk of developing a secondary malignancy.

The intensive treatment and prolonged
recovery from an allogeneic transplant have
profound psychosocial implications for patients
and their families. A pre-transplant psychoso-
cial evaluation may help identify individuals
who need additional intervention after trans-
plantation. Most long-term survivors, however,
report good-to-excellent health and func-
tion, with outcomes comparable to long-term
cancer survivors who received less-intensive
treatments [65,97].

15.5 The Future of SCT

In summary, allogeneic SCT can cure a variety of
hematologic malignancies and non-malignant
disorders. Even though thousands have had suc-
cessful allografts, many patients are not cured
or die from treatment-related complications.
GVHD and disease recurrence remain the main
barriers. Strategies to improve the outcome of
allografting have focused on combining targeted
therapies or adding immunotherapy utilizing
vaccines or cellular infusions, particularly of NK
cells.
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The Role of Radiosurgery in the Treatment

of Bone Localized Cancers
Marsha Haley, Peter C. Gerszten, and Steven A. Burton

16.1 Introduction

Metastatic disease remains a significant source
of morbidity for the cancer patient. Approxi-
mately 50% of patients diagnosed with cancer
will develop metastases, and of these, 70% will
develop symptoms [10]. Pain is the most com-
mon symptom resulting from bone metastases
and is described as severe in more than 50% of
hospitalized cancer patients [4].

The spine is the most common site for bony
metastatic disease; even with aggressive ther-
apy, 30-70% of patients with cancer have spinal
metastatic disease at autopsy. More than half
of patients with spinal metastasis have several
levels of involvement [37]. Currently, the major-
ity of patients are treated with surgery, med-
ical therapy, radiation therapy, or a combina-
tion of modalities. This chapter will focus on the
radiotherapeutic modalities used to treat malig-
nant diseases of the bone, with special focus
on the use of stereotactic radiosurgery to treat
metastatic disease to the spine.
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16.2 Historical Background

16.2.1 Discovery and Implementation
of External Beam Radiation Therapy

The field of radiation oncology is rooted in
Europe, where in the late 1800s Wilhelm Roent-
gen discovered that X-rays could pass through
materials and blacken photographic film. It
was quickly realized that radiation produces
biological as well as physical effects. Many of the
early studies of the biological effects of radiation
on tissues were conducted using radioisotopes,
radium in particular. Eventually large quantities
of radium were placed at a distance from the
patient to allow for external beam treatment,
called telecurietherapy. This was the birth of
external beam radiation therapy, defined as the
delivery of ionizing radiation from a source
external to the patient for medically therapeutic
purposes. Subsequently, higher-energy kilo-
voltage X-ray generators were produced in an
attempt to reproduce telecurietherapy without
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the use of radioactive sources [9]. The pre-
scription for medical external beam radiation is
measured in Gray (Gy), defined as 1 Joule per
kilogram of absorbed dose [23].

While the kilovoltage units were an exciting
development, they had characteristics that made
them undesirable for certain treatments. The
relatively low energy of the radiation made it dif-
ficult to treat deep-seated tumors without signif-
icant skin toxicity. In addition, they had a fixed
beam - that is, the beam could only be directed
at one angle. In the 1950s in Canada, a cobalt
source was developed with an average energy of
1.25 million electron volts (much higher than the
peak kilovoltage of most existing equipment at
that time). A cobalt machine was designed in
such a fashion that the source rotated around the
patient in the axial plane. This was called isocen-
tric technique and allowed concentration of the
dose to the tumor, but spread the dose over a
larger volume of normal tissue [31]. Develop-
ment of cobalt teletherapy units caused the kilo-
voltage machines to lose popularity.

Even before the cobalt machine was devel-
oped, scientists had been experimenting with
accelerating particles in evacuated glass tubes.
The particles could be accelerated to high veloc-
ities by a potential difference in the tube. Even-
tually, the speed of the particles was increased
by placing many tubes in a series [26]. When
the particles struck a high atomic number tar-
get, high-energy X-ray beams resulted. The first
linear accelerator in the world was developed
in London in 1952. Four years later, Henry
Kaplan at Stanford unveiled the first medical lin-
ear accelerator in the Western hemisphere [1]
(Fig. 16.1). Kilovoltage machines still had a
niche for superficial tumors; however, once lin-
ear accelerators with electron capability came on
the scene, kilovoltage machines became obsolete
[22]. In addition, linear accelerators had several
advantages over the cobalt units - the ability to
choose different photon and electron energies,
superior depth-dose characteristics, and lack
of radioactivity. Today, the majority of external
beam radiation therapy in developed countries
is delivered by linear accelerators.

The modern accelerator continues to evolve
from its early ancestors in London and Califor-
nia. Treatment planning was initially done using

Figure 16.1  Stanford’s original linear accelerator. (By permission of
Stanford Department of Radiation Oncology.)

X-ray films. In the 1980s CT scanners became
more widely available, and this revolutionized
radiation treatment planning. The radiation
oncologist was now able to see the pertinent
anatomy in three dimensions and tailor the
treatment beams appropriately. Further devel-
opment came in the 1990s with intensity-
modulated radiation therapy, or IMRT. A full
description of IMRT is beyond the scope of the
chapter - however, a key feature of IMRT is
that it allows further conformation of the beam
by varying the intensity across multiple indi-
vidualized fields. With the addition of high-
resolution CT, MRI, and PET, it became pos-
sible to delineate tumor volumes with more
accuracy. The nature of IMRT requires precise
localization of the targets and critical struc-
tures so as to avoid missing the tumor site.
To avoid that, linear accelerators are increas-
ingly equipped with image-guided radiation
therapy, or IGRT. These include imaging of
fiducial markers, ultrasound-guided imaging of
anatomy, detection of radiofrequency sources,
video-based surface tracking, megavoltage CT
imaging, and electronic portal imaging devices
[34] (Fig. 16.2). Fiducial markers are small
markers that have been implanted within the
tumor area that are used for position verification
throughout the procedure.

16.2.2 Evolution of Radiosurgery

Radiosurgery was developed by the Swedish
neurosurgeon Lars Leksell. In 1951 he coined
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Figure 16.2.  The Synergy® unit, amodern linear accelerator. (Cour-

tesy of Elekta.)

this term to describe the delivery of a sin-
gle high dose of precisely focused radiation to
achieve destruction of a small intracranial target
through the unopened skull [30]. The Gamma
Knife® was the first dedicated stereotactic unit.
It was constructed in 1967 by Dr. Leksell and
Borje Larsson, who used Cobalt-60 as the energy
source. The modern Gamma Knife® has a sim-
ilar design but houses 201 Cobalt-60 sources
that are collimated to focus on a single point to
deliver a high dose of radiation. The central axes
of all beams intersect with a mechanical preci-
sion of 0.3 mm [25]. This machine, by virtue of
its design, is used to treat cranial lesions exclu-
sively (Fig. 16.3).

Linear accelerators also have been adapted
to deliver stereotactic treatments by changing
the shape of the portal, using multileaf colli-
mators, and combining stationary and arcing
beams. Accelerator-based stereotactic systems
are either pedestal- or couch-mounted. A stereo-
tactic frame is attached to the patient’s skull,

Figure 16.3.

Leksell Gamma Knife® unit. (Courtesy of Elekta.)

Figure 16.4.

Cyberknife™ unit. (Courtesy of Accuray.)

much like the Gamma Knife®, and the frame is
mounted on the couch or pedestal. The stereo-
tactic isocenter must coincide with the linac
isocenter within 1 mm [24].

The development of Gamma Knife® and
linear accelerator-based radiosurgery allowed
delivery of highly conformal doses of radia-
tion to the target, while minimizing the dose to
the surrounding tissues. There were, however,
limitations with these methods. As stated, the
Gamma Knife® is only used for cranial sites,
and the linear accelerator can only adjust the
beam position while utilizing two degrees of
rotation with the couch and gantry. To overcome
these limitations, Dr. John Adler developed the
Cyberknife™, which consisted of a lightweight
linear accelerator mounted to a robot with
six degrees of rotation. The Cyberknife™ also
employed a revolutionary image-guidance sys-
tem that allowed the use of frameless stereotac-
tic treatment (Fig. 16.4). The first Cyberknife™
prototypes were used in the 1990s; in 2001
the FDA granted clearance for the treatment of
extracranial lesions [21].

16.3 Radiobiological
Considerations

The critical target of radiation damage is the
DNA structure. Radiation causes damage to
DNA by liberation of charged particles, which
then interact with the DNA molecule to cause
damage [15]. If both DNA strands are damaged,
the chromatin may break, resulting in cell death
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[16]. The rationale of fractionated radiotherapy
is rooted in the historical “four Rs” of radiobiol-
ogy: Repair of sublethal damage, Reassortment
of cells within the cell cycle, Repopulation, and
Reoxygenation. Dividing a single radiothera-
peutic dose into a number of fractions spares
normal tissues because sublethal damage may be
repaired and cells replaced between fractional
treatments. Also, dividing the dose increases
damage to the tumor because of reoxygenation
(oxygen is a potent radiosensitizer) and reas-
sortment of the cells into radiosensitive phases
of the cell cycle. In other words, overall treat-
ment time, total dose of radiotherapy, and dose
per fraction are important. The dose-response
curve for late-responding tissues is more curved
than for early responding tissues, so that if fewer
and larger fraction sizes are given, late reactions
are more severe [19] (Fig. 16.5). This is the rea-
son that in the radiosurgical realm, where the
number of fractions is significantly decreased,
the dose limitations for critical structures are
decreased as well.

The dose of radiation that can be deliv-
ered is limited by tissue tolerance. Tissues of
children are quite radiosensitive; this includes
bone. A dose of 10 Gy in a child can cause
death of chondroblasts, and a dose above 20 Gy
causes irreversible growth deficit. In adults,
radionecrosis can be a serious complication for
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Figure 16.5. Dose—response relationship for late- and early-

responding tissues. Reprinted from Hall’s Radiobiology for the Radiolo-
gist, 6th ed., by permission of Wolters Kluwer Health.

regions that receive a very high dose of radi-
ation, as is true for the mandible when head
or neck cancers are treated by radiation. The
humeral and femoral heads may undergo frac-
ture with high-dose treatment, as for sarcomas
[18]. Another consideration in treating the bone
is the exquisite radiosensitivity of the bone mar-
row. The risk of hematological toxicity requiring
treatment breaks has been shown to be related
to the volume of bone marrow subjected to
10 Gy in patients who receive platinum-based
chemotherapy [29]. When in the treatment of
spinal metastases the number of vertebral bod-
ies subjected to radiation therapy is high, the
bone marrow and the hematological profile
are affected, especially if there is concurrent
chemotherapy.

In the treatment of bone metastases, it is not
typically the dose to bone or marrow that is the
principal concern. Rather, it is the radiosensi-
tive tissues that are in close proximity to the
tumor. When vertebral bodies are treated, the
dose that reaches the spinal cord must be taken
into consideration. Typically, a 20-cm length of
the spinal cord will tolerate a dose of ~45 Gy
and a 5-10 cm length will tolerate 50 Gy, pro-
vided radiation consists of daily fractions of
2 Gy. At those doses, however, 5% of the patients
will have complications such as paralysis by the
end of 5 years [11]. Because this is considered
unacceptable by most physicians, clinical prac-
tice is limited to 45 Gy for any spinal cord vol-
ume. Other organs that are critically radiosensi-
tive include the kidneys, small bowel, lungs, and
gonads. If a patient presents with disease in an
area in which radiation has already been given,
this presents a challenge, and radiosurgery is an
alternative for these patients.

16.4 Current Applications

16.4.1 Clinical Evaluation and Dosing
for External Beam Radiation Therapy

Many patients with bone metastases are referred
to radiation oncologists for evaluation because
radiation therapy results in palliation of more
than 73% of patients with bone metastases [12].
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At the initial evaluation, the history should
include details on the length, quality, and
quantity of pain, as well as of alleviating or
aggravating factors. Pain scales are helpful in
quantifying pain and in assessing response. The
physical examination should focus on pain loca-
tion, anatomical distribution, and neurological
deficits. If there is instability and/or if the X-
rays show significant cortical destruction, the
patient should be referred to a spinal surgeon
for evaluation. Further imaging may be needed.
Bone scans can detect early functional changes
and therefore are more sensitive than X-rays
for detecting metastases inasmuch as X-rays
require a minimum of 50% trabecular bone
destruction for visualization. CT scans are help-
ful in cases where abnormalities are difficult
to evaluate with conventional radiographs. MRI
will detect cancellous bone and bone marrow
involvement. Because MRI can be viewed in
multiple planes, it can indicate nerve or cord
compression [32].

Once the necessary information is obtained,
a decision needs to be made as to whether the
patient is a suitable candidate for external beam
therapy. If so, the patient undergoes a treat-
ment planning session on a fluoroscopic simu-
lator or CT scanner. Based on the imaging, field

arrangements are planned and calculations are
performed with computer assistance (Fig. 16.6).

Many trials have been undertaken to assess
the optimal dosage for bone metastases. In
1974 the Radiation Therapy Oncology Group
assigned patients with a single metastasis ran-
domly to either a group that received 40.5 Gy in
15 fractions or one that received 20 Gy in 5 frac-
tions. In patients with multiple metastases the
doses were 30 Gy in ten fractions, 15 Gy in five
fractions, 20 Gy in five fractions, or 25 Gy in five
fractions. There was no significant difference in
promptness or frequency of pain relief between
the different fractionation schemes. A primary
site of breast or prostate cancer with an initial
pain score of less than 9 was considered posi-
tive for prognosis; 90% of patients achieved min-
imal relief, 83% achieved partial relief, and 54%
achieved complete relief, with relief attained in
4 weeks for most patients [36]. Reanalysis of the
data in 1985 led to the conclusion that the combi-
nation of more fractions with a higher total dose
was more effective [3]. In 2003 the Radiation
Therapy Oncology Group reported on a phase
II1 trial that compared a dose of 8 Gy in one frac-
tion with one of 30 Gy in ten fractions in patients
with bone metastases from breast and prostate
cancer. The results, published in 2005, showed

Figure 16.6.

External beam radiation treatment plan. (Courtesy of University of Pittsburgh Cancer Institute.)
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that the rates of acute toxicity were significantly
higher in the 30-Gy group but the need for
retreatment was greater for the 8-Gy group [20].
A 2007 meta-analysis with data from 16 random-
ized trials, beginning in 1986, agreed with the
earlier studies that pain relief was essentially the
same, regardless of the fractionation schedule.
However, single-fraction treatment was associ-
ated with a higher retreatment rate [8].

16.4.2 (linical Evaluation and Dosing
for Stereotactic Radiosurgery

In radiotherapy, proper localization is needed
to deliver the prescribed dose to the diseased
region without damage to the surrounding nor-
mal tissue. In radiosurgery, proper localization
is even more critical because of the high doses
delivered per fraction and the rapid fall-off
of radiation outside of the target area. Precise
localization depends on two principal factors:
rigorous specifications and high quality of the
equipment, and target immobilization. Immo-
bilization devices are often used to keep the
patient still during treatment. Successful exter-
nal beam radiotherapy depends on a daily setup
error that is within several millimeters. For
radiosurgery, however, setup accuracy must be
within 1 mm. Because this cannot be accom-
plished with standard radiotherapeutic immo-
bilization devices, the invasive frame is com-
monly used for intracranial radiosurgery. When
extracranial radiosurgery was first employed,
invasive skeletal fixation was used both above
and below the involved vertebral segments [2].
Even with the use of IMRT, target immo-
bilization and localization cannot be achieved
to the degree that would permit treatment in
a single fraction [35]. In 2001 investigators at
the Universities of Iowa and Florida published
results of an optically tracked ultrasonography
unit that could be registered to a linear acceler-
ator coordinate system. They applied this tech-
nique to patients with localized metastatic spinal
disease with a linear accelerator, by program-
ming the system to track structures in real
time and update position based on predeter-
mined virtual CT volumes [33]. At the same time
physicians at Stanford University were using the

Cyberknife™ to track structures with a fixed
relationship to the tumor, such as vertebral bod-
ies or fiducial markers [21]. Since that time, mul-
tiple studies have shown that frameless stereo-
tactic radiosurgery is safe and efficacious for
treating spinal tumors [2].

Clinicians at the University of Pittsburgh
have very extensive experience with extracra-
nial radiosurgery [13]. At our institution, can-
didates for spinal radiosurgery are evaluated
in a multidisciplinary setting by a radiation
oncologist and a neurosurgeon. Lesions that are
appropriate for spinal sterotactic radiosurgery
include well-circumscribed lesions, lesions with
minimal spinal cord compromise, radioresis-
tant lesions that would benefit from a radio-
surgical boost, residual tumor after surgery,
previously irradiated lesions, recurrent surgi-
cal lesions, lesions requiring difficult surgical
approaches, and lesions in patients with a short
life expectancy or significant medical comor-
bidities that preclude open surgical intervention.
Exclusion criteria for spine radiosurgery include
overt spinal instability, neurologic deficit from
bony compression of neural structures, cauda
equina syndrome, and myelopathy [35].

The first step in CyberKnife™ spinal radio-
surgery treatment is similar to the CT treat-
ment planning for external beam radiotherapy.
First one must consider the anatomical loca-
tion and plan the type of target localization
device. The Cyberknife™ can track implanted
fiducials, as well as anatomical reference points
with the aid of the Xsight™ Spine Tracking Sys-
tem [28]. Patients with cervical lesions are fitted
with a noninvasive molded Aquaplast facemask
(Aquaplast Corp., Wyckoff, NJ) which immobi-
lizes the head and neck. CT slices of 1.25 mm
are then obtained, proceeding from the top of
the skull to the bottom of the cervical spine. If
the patient is to undergo open surgical manip-
ulation in the thoracolumbar region prior to
radiosurgery, fiducial markers can be inserted
at that time; the remainder undergo fluoroscop-
ically guided percutaneous insertion of 4-6 gold
fiducial markers (Alpha-Omega Services, Inc.,
Bellflower, CA) that are placed into the pedicles
immediately adjacent to the lesion to be treated.
This is done with a standard Jamshidi Bone
Marrow Biopsy Needle (Allegiance Healthcare
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Figure 16.7.  Fiducial markers. (Reprinted from Szeifert et al. [35,
pp. 340-358], by permission of S. Karger AG Medical and Scientific
Publishers.)

Corp., McGraw Park, IL) (Figs. 16.7 and 16.8)
[14]. The fiducial placement procedure is per-
formed in the operating room, in an outpa-
tient setting, and precedes the planning CT. The
patient is placed in a supine position in a confor-
mal vacuum cradle both during CT imaging and
during treatment.

The second component of the CyberKnife™
treatment involves the development of the com-
puterized treatment plan for radiosurgery. The
planning CT data are transferred to the Accu-
ray planning system. The radiation oncologist
and neurosurgeon contour the tumor and the
structures, such as the spinal cord, where the
dose must be restricted. Initially doses were cho-
sen on the basis of intracranial radiosurgery
doses; however, the dose is best based on experi-
ence in the treating institution and retrospective
data, keeping in mind the limitation imposed by
the maximum dose that can be tolerated by the
spinal cord. Typical prescription doses are 16-
20 Gy, although doses can be adjusted, depend-
ing on the clinical situation. The prescribed dose
is the 80% isodose line; as a result the tumor
center receives a dose greater than the prescrip-
tion dose [13]. Once the contours are completed
and the prescription written, the medical physi-
cist develops a plan to meet the dose specifica-
tions outlined by the physician (Fig. 16.9). The
physicist also identifies the location of the fidu-

Figure 16.8.  Placement of fiducial markers. (Reprinted from Szeifert
etal. [35, pp. 340-358], by permission of S. Karger AG Medical and Sci-
entific Publishers.)

cial markers or reference anatomy in relation-
ship to the target.

The third component of the CyberKnife™
treatment is delivery of the actual treatment.
Spinal treatments are performed using a single-
fraction technique. Treatments are performed
by a radiation therapist with special training
in radiosurgery. The patients are appropriately
immobilized with the aid of the immobilization
device and are then placed on the CyberKnife™
treatment couch. In most cases preoperative
analgesia or sedation is not required; however, in
rare situations patients may require premedica-
tion or even conscious sedation. The procedure
itself is not painful; patients may require med-
ication due to the length of the procedure and
because they have to remain immobilized. With
the aid of X-ray cameras, near real-time digi-
tal radiographic images of the implanted fidu-
cial markers are obtained during treatment. The
planning system allows the machine to know
the relationship of these fiducials to the target
vertebral body and makes it possible to adjust
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Figure 16.9.

A case example of an L1 thyroid carcinoma metastasis in a 75-year-old man. The patient, treated previously with conventional

external beam irradiation, presented with pain recurrence and radiography indicated his tumor had progressed. A T2 sagittal MRI shows a pathologic
L1 compression fracture with spinal canal compromise (A). The patient underwent percutaneous transpedicular methylmethacrylate placement and
biopsy. He subsequently received radiosurgery to the lesion with a maximum prescription dose of 22.5 Gy delivered in a single session. The maximum
dose to the spinal cord was 8.5 Gy (B and C). (Courtesy of University of Pittsburgh Cancer Institute.)

the table and machine position accordingly
(Fig. 16.10). When Xsight™ is used, the same
procedure is followed, except that the machine
adjusts the position on the basis of the bony
landmarks. Closed-circuit television is used to
observe the patient during the treatment, and
there is a two-way microphone for the therapist
and patient to communicate. Treatment typically
lasts 30-60 min and the patient is discharged at
the end of treatment. The patient returns to the
multidisciplinary clinic after 1 month for phys-
ical examination, evaluation of pain response,
and toxicity.

At the University of Pittsburgh, spinal radio-
surgery has been highly effective in causing
decreased pain in patients with spinal metas-
tases. This group recently published a prospec-
tive longitudinal cohort study of 500 cases
of spinal metastases treated with stereotactic
radiosurgery. Treatment plans were customized
according to the patient’s anatomy and previous
radiation. Tumor doses ranged from 12.5 Gy to
25 Gy, with a mean dose of 20 Gy. Long-term
improvement of pain occurred in 86% of cases
and radiographic tumor control was achieved in
88%. Follow-up for 21 months so far has not
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Figure 16.10. Patient localization and treatment on the
Cyberknife™ unit. (Courtesy of Accuray.)

revealed neurological toxicities due to treatment
[13].

16.5 Conclusion/Future
Directions

Advances in care notwithstanding, bony
metastatic disease remains a significant source
of morbidity for the cancer patient. Standard
treatment options for spinal metastases include
external beam radiotherapy, radionuclide
therapy, systemic chemo/hormonal therapy,
and surgical intervention. A major goal of
local radiation therapy in the treatment of
spinal tumors is palliation of pain [27]. The
concept of hypofractionated radiotherapy for
symptomatic bone metastases originated 30
years ago and has been studied in multiple
clinical trials. Single-fraction radiotherapy was
found to be as efficacious as multiple-fraction
radiotherapy. However, patients who received
single-fraction radiotherapy had a higher rate
of repeat radiation [8]. Most trials used 8 Gy in
a single fraction; however, no trials specifically
evaluated spinal metastases. Delivering a dose
in a single large fraction is theoretically more
effective for relatively radioresistant tumors,
but external beam radiotherapy delivered in a

single large dose is not desirable because of the
risk of late tissue damage to the spinal cord [17].
Radiosurgery makes it possible to deliver a high
single-fraction dose to the tumor while sparing
adjacent normal tissue.

Advances in technology have allowed the
delivery of highly conformal doses of radia-
tion delivered in a single fraction. The Univer-
sity of Pittsburgh began using the Cyberknife™
in 2001 for the treatment of spinal metastases,
and since that time more than 1000 cases have
been treated. Initially, spinal stereotactic radio-
surgery (SRS) was used for patients who had
been previously treated with radiation therapy.
SRS is however emerging as a primary treatment
modality for spinal metastatic disease.

Another treatment gaining popularity is
stereotactic radiotherapy, which is a com-
promise between external beam radiotherapy
and stereotactic radiosurgery. The technical
advances in the modern linear accelerator allow
more precise target definition and conformal-
ity, making hypofractionation more feasible. In
2004 Chang et al. at MD Anderson Cancer Center
published phase 1 results of near-simultaneous
computed tomographic image-guided stereotac-
tic radiotherapy for treating spinal metastases to
a dose of 30 Gy in five fractions. The technique
was found to be feasible and highly accurate in
the 15 patients studied [6]. In 2005, Yamada et
al. at Memorial Sloan-Kettering Cancer Center
published results of 35 patients treated in five
fractions with intensity-modulated stereotactic
radiotherapy. The previously irradiated patients
received a median dose of 20 Gy, and the unirra-
diated patients received 70 Gy. The results were
similar to those obtained in the MD Anderson
study [38]. Chang et al. recently published the
results of a phase I/II study of stereotactic body
radiotherapy for spinal metastases. In the course
of the study, the protocol was amended from
30 Gy in five fractions to 27 Gy in three fractions,
thus decreasing treatment time. This approach
was well-tolerated with no cases of grade 3 or
4 neurological toxicity, and the actuarial rate of
radiologic tumor control was 84% at 1 year [7].

In conclusion, current radiotherapy remains
an effective method to palliate for spinal meta-
stases with low toxicity, irrespective of the
mode of delivery. Surgeons have now joined
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the radiation oncology team and are an impor-
tant part of the radiosurgery process. This
inter-specialty cooperation has led to significant
advances in the fields of radiotherapy and neu-
rosurgery and, with ever-increasing dialogue,
the potential of new technology will be more
widely explored [5].
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Cytoskeletal changes/adhesion/migration,
LPA effects on, 79-80
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cell movement and, 79
LPA and, 78

DARGC, see Duffy antigen/receptor for
chemokines (DARC)
Denosumab, 211
for bone disease, 49-50
DES, see Diethylstilbestrol (DES)
Dickkopf 1 (DKK1)
osteoblast suppression in myeloma, 46
in osteosarcomas, 25
Dickkopf 3 (DKK3), in osteosarcomas, 25
Diethylstilbestrol (DES), 207
9,10-dimethyl- 1,2-benz-anthracene
(DMBA), 184
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Duffy antigen/receptor for chemokines
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Immunospot (ELISPOT) technology,
for DTC
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hormone-refractory PCa, 223
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EpCAM, see Epithelial cells adhesion
molecule (EpCAM)
Epidermal growth factor receptor (EGFR),
for treating ATC, 222
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Estrogen receptor (ER), 182, 205
ETa, see Endothelin-A (ETa) antagonist, with
hormone-refractory PCa
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Event-free survival (EFS), 231
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Exemestane, 208, 210
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clinical evaluation for, 244-246
discovery of, 241-242
dosing for, 244-246
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Extracellular matrix molecules (ECM), 157
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Ezrin, role in osteosarcomas, 25-26

FAS/FASL regulation in osteosarcoma, 26
FEMX-1 human melanoma cells, 195
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FGEF-2, see Fibroblast growth factor 2
(FGF-2)
Fibroblast growth factor 2 (FGF-2), 91
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Firefly luciferase (FLuc), 126, 130
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FLuc, see Firefly luciferase (FLuc)
Fluorescence imaging
of cancer cells in bone, 126
in detection of bone metastasis, 130-135
Fluoroscopic simulator, 245
Fomestane, 208
Fracture healing, by LPA, 80-81

Gamma Knife®, 243
Ganciclovir (GCV), 5
Gaussia luciferase, 126
GCYV, see Ganciclovir (GCV)
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GEF, see Guanine nucleotide exchange
factors (GEF)
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Gene expression, LPA effects on, 80
Genes encoding receptors, molecular
imaging of, 125
Genetic regulation, of bone metastases,
97-98
genetic targeting, 97-98
metastasis suppressor genes (MSG), 97
tumor suppressor genes (TSG), 97
Genetic targeting, in bone metastasis, 97-98
Genomic stability, in osteosarcomas, 27
GF, see Growth factors (GF)
GFP, see Green fluorescent protein (GFP)
GFP-expressing H460 cells, 185
GFP expression, 6
GFP-transfected B16 melanoma cells, 195
GnRH-agonists, see Gonadotropin-releasing
hormone agonists (GnRH-agonists)
therapy
Gonadotropin-releasing hormone agonists
(GnRH-agonists) therapy, 205
with adjuvant therapy for PCa, 206
estrogen loss, 207
increases fractures, 207
loss of bone density, 207
with neoadjuvant therapy for PCa, 206
in PCa, 206
Goserelin, 209
Graft-versus-host disease (GVHD), 229
Graft-versus-tumor (GvT) effect, 230
Gray (Gy), 242
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GVHD, see Graft-versus-host disease
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Hematopoiesis
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HSC differentiation into, 1
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Hematopoietic stem cells (HSC)
Adiponectin impact on, 8
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homing to bone marrow, 8-9

niche, see HSC niche, in bone marrow

Hematopoietic transplants, 230
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HER2, see Human epidermal growth factor
receptor-2 (HER2)

Herpes simplex virus thymidine kinase
(Hsv-tk), 5

PET imaging of, 123-124
radiotracer reporter gene imaging,
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HFBM, see Human fetal femur and tibia
(HFBM)

HIF, see Hypoxia-inducible factor (HIF)
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Hodgkin’s lymphoma, 233

bone involvement in, 50
Hormonal ablation therapy, 187
Hormone therapy, 169
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of MTC, 222

in prostate cancer, 205
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cells (HSC)
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Hsv-tk, see Herpes simplex virus thymidine
kinase (Hsv-tk)
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leukemia/lymphoma virus-1
(HTLV-1)

Human dermal microvascular endothelial
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Human epidermal growth factor receptor-2
(HER2), 224
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role in osteosarcomas, 26-27

therapeutic targets for DTC, 111
Human fetal femur and tibia (HFBM), 187
Human melanoma cells

FEMX-1, 195

LOX, 196

Human T-cells leukemia/lymphoma virus-1
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Human umbilical vein endothelial cells
(HUVEC), 61

HUVEC, see Human umbilical vein
endothelial cells (HUVEC)

Hypercalcemia, 47

and bone metastases, 59
Hypoxia-inducible factor (HIF), 220
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Hypoxia-inducing factor 1o (HIF-1a), 161

IBCSG, see International Breast Cancer
Study Group (IBCSG) trials
IBIS-II, see Second International Breast
Cancer Intervention Study (IBIS-II)
ICaM1, see Intracellular adhesion molecule
(ICaM1)
IGF-1, see Insulin-like growth factor-1
(IGF-1)
IHC, see Immunohistochemistry (IHC)
techniques, in PCa
IL-3, in osteoclasts, 46
1L-6, see Interleukin-6 (IL-6)
Imaging, of cancer cells
application in mouse model, 129-135
clinical application, 126-129
CT scan, 128
MRI, 128
PET, 128-129
scintigraphy, 127-128
Immunocytochemical techniques, for DTC,
105-106
Immunohistochemistry (IHC) techniques,
in PCa, 160
Immunotherapy, 169
Indirect (reporter gene) molecular imaging,
of cancer cells, 121-126
BLI and, 125-126
fluorescence imaging, 126
optical imaging genes, 125
radiotracer reporter gene imaging,
122-125
genes encoding receptors, 125
Hsv-tk, 122-124
norepinephrine transporter (NET)
gene, 124-125
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progression, 141-142
Inflammatory bone microenvironment
in cancer progression, 142
Inflammatory response mediators, in bone
metastasis, 142-143
CXCL12/CXCR4, 146-147
IL-6, 146
1L-8, 147-148
IL-10, 148
1L-12, 149
1L-23, 149-150
TGF-B, 144-145
TNF-a role, 143-144
Insulin-like growth factor-1 (IGF-1), 223
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Interleukin-6 (IL-6)
inflammatory response of, 146
in osteoclasts, 46
Interleukin-7 (IL-7), in osteoclasts, 46

Interleukin-8 (IL-8), inflammatory response
of, 147-148
Interleukin-10 (IL-10), inflammatory
response of, 148
Interleukin-12 (IL-12), inflammatory
response of, 149
Interleukin-23 (IL-23), promotes pro-
inflammatory function of T-cells,
149-150
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cells, 186
in LOX human melanoma cells, 196
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of cancer cells, 184, 190-191
in LOX human melanoma cells, 196
of RBM1 cells, 192
Intravenous (IV) injections
in ARH-77 cells, 193-194
of BCa cells, 183
of human melanoma cells, 195-196
of lung cancer cells, 185-186
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In vivo
LNCaP tumors, 158
sources of LPA, 74-75

JNK, see Jun N-terminal kinase (JNK)
pathway
Jun N-terminal kinase (JNK) pathway, 223

KPMM2, see Autocrine IL-6-stimulated
human cells line (KPMM?2)
Kyphoplasty, for bone disease, 49

Lapatinib, 224
Leptin
regulation of bone mass by, 82
Letrozole, 210, 211
Leukocyte function-associated antigen-1
(LFA-1),5
Lewis lung carcinoma (LLC), 187
model for, 185
LFA-1, see Leukocyte function-associated
antigen-1 (LFA-1)
LFA-1/VLA-4 adhesion, 5-6
LHRH analog triptorelin, 209
Li-Fraumeni syndromes
and osteosarcomas, 23
LLC, see Lewis lung carcinoma (LLC)
LNCaP cells, 188
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LNCaP tumors, in vivo, 158
Lobund-Wistar (L-W) rat, 187
LOX human melanoma cells, 196
LPA, see Lysophosphatidic acid (LPA)
LPA receptors, 75-76
expression in skeletal cells, 76-77
structure of, 76
LPE, see Lysophosphatidylethanolamine
(LPE)
LPS, see Lysophosphatidylserine (LPS)
Lung cancers
models for study, 184-187
therapeutic approches to, 224-225
Lymph nodes, pre-metastatic, 95
Lymphoid malignancies, 233
Lysophosphatidic acid (LPA), 73-74
biological activities of, 75
and bone metastasis, 83
and cancers metastasize to bone, 82
formation of, 74
long-term effects on skeletal cells, 78-80
cells prolifera-
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78-79
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79-80
gene expression, 80
potential regulatory roles in bones, 80-82
fracture healing, 80-81
pathology of arthritis, 81-82
regulation of bone mass by leptin, 82
regulation of mechanotransduction,
81
rapid effects on bone and cartilage cells,
77-78
cytoskeletal rearrangements, 78
intracellular Ca?* signaling, 77
MAP kinase activation, 77-78
receptors, 75-76
expression in skeletal cells, 76-77
in vivo sources of, 74-75
Lysophosphatidylethanolamine (LPE), 74
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Macrophage inflammatory protein-lalpha
(MIP-1a), in osteoclasts, 44

MAGE-A expression, see Melanoma-
associated antigen (MAGE-A)
expression, in bone marrow

Magnetic resonance imaging (MRI), 128

Melanoma, 194-197

Mammalian target of rapamycin (mTOR),
221

Mantle cells lymphoma (MCL), 233

MAP kinase activation, LPA and, 77-78

MAT-Ly-Lu cells, 188

Matrix metalloproteinases (MMP), 160

MCL, see Mantle cells lymphoma (MCL)

MDA-435GFP metastatic growth, in femur,
132
MDA-MB-231 cells, 183
MDA-MB-435 cells, 183
MDS, see Myelodysplastic syndromes (MDS)
Mechanical allodynia, 168
Mechanism based therapies, in bone cancer
pain, 175
Mechanotransduction, LAP regulation of, 81
Medullary thyroid carcinoma (MTC),
221-222
Melanoma-associated antigen (MAGE-A)
expression, in bone marrow, 109
Merlin, 26
Mesenchymal stem cells (MSC), 2
Metastasis suppressor genes (MSG), 97
Metastatic disease, in PCa, 206
MeWo cells, 196
Microarray analysis, of osteosarcomas,
29-30
Micro-computerized tomography
(microCT), 183
of mouse femur, 174
MicroCT, see Micro-computerized
tomography (microCT)
Minimal residual disease (MRD), 231
MIP-1a, see Macrophage inflammatory
protein-lalpha (MIP-1a), in osteoclasts
MM, see Multiple myeloma (MM)
MMP, see Matrix metalloproteinases (MMP)
MMTYV, see Mouse Mammary Tumor Virus
(MMTV)
Models for study
breast cancer metastasis, 182-184
spontaneous, 182
syngeneic, 182-183
transgenic, 184
xenograft, 183-184
lung cancer metastasis, 184-187
spontaneous, 185
syngeneic, 185
transgenic, 187
xenograft, 185-187
melanoma metastasis, 194-197
spontaneous, 194-195
syngeneic, 195
xenograft, 195-197
MM metastasis, 193-194
spontaneous, 193
syngeneic, 193
xenograft, 193-194
prostate cancer metastasis, 187-191
spontaneous, 187-188
syngeneic, 188
transgenic, 191
xenograft, 188-191
renal cancer metastasis, 191-192
spontaneous, 192
xenograft, 192-193
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119-126
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direct, 120-121
indirect (reporter gene), 121-126
Mouse Mammary Tumor Virus (MMTV),
182
Mouse models, applications of imaging in,
129-135
MRD, see Minimal residual disease (MRD)
MRI, see Magnetic resonance imaging (MRI)
MSC, see Mesenchymal stem cells (MSC)
MSG, see Metastasis suppressor genes (MSG)
MTC, see Medullary thyroid carcinoma
(MTC)
mTOR, see Mammalian target of rapamycin
(mTOR)
Muc-1, to detect breast cancer-derived DTC,
107-108
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bone destruction in, 47
bone disease, 43
mechanisms responsible for, 46
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pathophysiology, 43
treatment, 49-50
clinical manifestations of, 47
complications associated with, 47
diagnosis of, 48
evaluation of bone involvement, 48
hypercalcemia in, 47
osteoblast inhibition in, 45-46
prognosis, 49
PTHrP levels in, 45
sRANKL/OPG ratio in, 49
suppression of osteoblast by DKKI1 in, 46
Murine cells, 183
Murine injections
in osteolytic tumor cells, 171
Myelodysplastic syndromes (MDS), 232-233
Myeloma cells, 193

National Cancer Institute of Canada Clinical
Trials Group MAP3 study (ExCeL), 209

National Cancer Institute of Canada Clinical
Trials Group (NCIC CTG) study, 211

Natural killer (NK) cells, 186

NCIC CTG, see National Cancer Institute of
Canada Clinical Trials Group (NCIC
CTG) study

NCI-H460 cells, 185

Neoadjuvant therapy, with GnRH-agonists
for PCa, 206

Nerve growth factor (NGF), 176

NET, see Norepinephrine transporter gene
(NET), molecular imaging of

Neurologic complication, in multiple
myeloma (MM), 47

NF-kappaB ligand, 211
NGE see Nerve growth factor (NGF)
NHL, see Non-Hodgkin’s lymphoma (NHL)
Niches
components of, 3
defined, 2
endosteal, 3-7
HSC, in bone marrow, 2-3
interaction and tumor progression, 91-92
parasitism by cancer, 9-10
principal function of, 2
structure of, 2
therapeutic inhibition of pre-metastatic,
95-96
vascular, 7
NIH3TS3 fibroblasts, 74
NK, see Natural killer (NK) cells
Non-Hodgkin’s lymphoma (NHL), 43, 233
bone involvement in, 50
Norepinephrine transporter gene (NET),
molecular imaging of, 124-125

OC, see Osteocalcin (OC)
Oncoquick® system, 105
OPG, see Osteoprotegerin (OPG)
Opioid analgesia, 176
OPN, see Osteopontin (OPN)
Optical imaging genes, 125
Orthotopic injection, 183, 185, 188-189
of renal carcinomas, 192
Osteoblastic tumor cells lines (ACE-1), 172
Osteoblasts, 4-7
angiopoietin-1 (Ang-1) expression by, 5
inhibition in multiple myeloma, 45-46
osteocalcin and, 5
osteopontin secreted by, 6
regulation of hematopoiesis, 4
Runx-2 role, 4
VEGF in, 5
Osteocalcin (OC), 5, 158
Osteoclastogenesis, 162-163
Osteoclasts, 4
activation/stimulation, 44
IL-7 and IL-3, 46
IL-6 in, 45
MIP-1a in, 44
RANKL in, 44
Osteoid production, osteosarcomas, 20
Osteolytic tumors
histologic analysis, 172
radiographic analysis, 172
in sarcoma cells, 173
Osteomimicry, 157
perlecan supports signal amplification,
163
in sonic hedgehog signaling, 161
Osteopetrosis, see Osteoclastogenesis
Osteopontin (OPN), 196
secreted by osteoblasts, 6
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Osteoporosis prevention, 214-215
Osteoprotegerin (OPG), 44, 173
Osteosarcomas, 19
comparative genome hybridization, 28-29
erbB2/HER?2 role in, 26-27
Ezrin role in, 25-26
FAS and FASL signaling, 26
genetics of, 24
RB1 role, 24-25
TP53 role, 25
Wnt signaling pathway, 25
head and neck, 22
histopathology of, 19-20
osteoid production, 20
Li-Fraumeni syndromes and, 23
microarray analysis of, 29-30
Paget’s disease and, 23-24
RECQL4 and genomic stability in, 27
retinoblastoma and, 22-23
role of chromosomal instability and
telomere maintenance in, 27-28
Rothmund-Thomson syndrome and, 23
unconventional subtypes of, 20-21
Ovarian ablation therapy
with chemotherapy, 209

PA, see Pollard prostate adenocarcinoma
(PA)
Paclitaxel, 222, 224
Paget’s disease, and osteosarcomas, 23-24
PA-III cells, 188
Pamidronate, 193
Parasitism, of niche by cancer, 9-10
Parathyroid hormone (PTH), 209
Parathyroid hormone-related protein
(PTHrP), 162, 182
hypercalcemia associated with ATL, 51
in multiple myeloma, 45
Parosteal osteosarcomas, 21
Pathologic fractures, and bone metastases,
59-60
PBSC, see Peripheral bloodderived stem cells
(PBSC)
PCa, see Prostate cancer (PCa)
PCa disease progression, perlecan supports
signal amplification, 163
PC-3 cells, 190
PDGEF, see Platelet-derived growth factor
(PDGF)
PEBP2B, see Polyomavirus enhancer binding
protein 2f (PEBP2B)
P450 enzyme aromatase, 208
Percutaneous vertebroplasty (PVP), for bone
disease, 49
Peripheral bloodderived stem cells (PBSC),
231
Perlecan, 159, 163
Perlecan supports signal amplification
osteomimicry, 163

PCa disease progression, 163
PET, see Positron emission tomography
(PET)
Pharmacological inhibition, of soluble
factors promote metastasis, 91
Phenotypic alterations, in prostate cancer
(PCa) cells, 158-160
Phenotypic characterization, of DTC,
108-109
PIN, see Prostate intraepithelial neoplasis
(PIN)
PKA, see CAMP-dependent protein kinase A
(PKA)
Placental growth factor (PIGF), 90
Plasticity of PCa cells, 160-162
Platelet-derived growth factor (PDGF), 91
PIGE, see Placental growth factor (PIGF)
PMMA, see Polymethylmethacrylate
(PMMA)
Pollard prostate adenocarcinoma (PA), 188
Polymerase chain reaction (PCR) assay of
DTC, 106-107
Polymethylmethacrylate (PMMA), 49
Polyomavirus enhancer binding protein 2/
(PEBP2B), 4
Positron emission tomography (PET),
128-129
of Hsv-tk, 123-124
pQCT, see Quantitative computed
tomography (pQCT)
Premenopausal women data, on BCa, 209
Progesterone receptors, 205
Prognosis, of MM, 49
Prostaglandins, 173, 174
Prostate cancer (PCa), 157, 162, 205-208
consequences of GnRH-agonist treatment,
206-207
disease progression, 163
estrogen loss, 207
fractures increases, 207
GnRH-agonists in, 206
hormonal therapies, 205
locally advanced disease, 206
loss of bone density, 207
LPA and, 82
metastatic disease, 206
models for study, 187-191
osteoporosis prevention, 214-215
phenotypic alterations in, 158-160
plasticity of, 160-162
prevention of bone loss, 212
role of bisphosphonates, 211-212
therapeutic approaches to, 222-224
Prostate intraepithelial neoplasis (PIN), 160
Prostate-specific antigen (PSA), 158, 189
PSA, see Prostate-specific antigen (PSA)
PTH, see Parathyroid hormone (PTH)
PTHTP, see Parathyroid hormone-related
protein (PTHrP)
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PVP, see Percutaneous vertebroplasty (PVP),
for bone disease
PYD, see Urine 24-h pyridinoline (PYD)

Q-PCR, see Quantitative reverse tran-
scription polymerase chain reaction
(Q-PCR)

Quadramet, 225

Quantitative computed tomography
(pQCT), 183

Quantitative reverse transcription poly-
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182

Rac GTPase, activation in endothelial
cells, 66
Radiation therapy
for bone disease, 49
for bone tumors, 169
Radiation Therapy Oncology Group, 245
Radiobiological considerations, 243-244
Radiofrequency tumor ablation, 169
Radiographic analysis, of bone in direct
injection model, 172
Radiopharmaceuticals, 169
for patients with bone metastase, 225
Radiosurgery, evolution of, 242-243
Raf kinase pathway, therapeutic target for
RCCG, 221
RANKIL, see Receptor activator of nuclear
factor-kB ligand (RANKL)
RB1, role in osteosarcomas, 24-25
RCC, see Renal cells carcinoma (RCC)
Reactive oxygen species (ROS), 159
Receptor activator of nuclear factor-kB
ligand (RANKL)
osteoclast, 44
RANK-RANK ligand (RANKL)
interaction, 173
RECQL4 gene, in Rothmund-Thomson
syndrome, 23
RECQL helicases, in osteosarcomas, 27
Reduced-intensity conditioning (RIC), 230
Renal cancers, 191-192
Renal cells carcinoma (RCC), 191
therapeutic approaches to, 220-221
Renilla luciferase, 126
Reticular cells, 8
Retinoblastoma, and osteosarcomas, 22-23
RhoA GTPase, 66
Rho GTPases, 64-65
and angiogenesis, 65-66
lamellipodia and filipodia in, 66
mediated endothelial cells motility, 66-67
regulation of, 65
VEGF production, 65-66
RIC, see Reduced-intensity conditioning
(RIC)

Risedronate, 183

ROS, see Reactive oxygen species (ROS)
RosetteSep® technology, 105
Rothmund-Thomson syndrome, 23
RunX2/Cbfal, role in osteoblasts, 4, 45-46

Saccharomyces cerevisiae, 28
153Samarium lexidronam, 225
Schwann cells, 175
SCID-hu models
chimeric, 187
mouse, 184, 191, 194, 196-197
Scintigraphy, 127-128
SCLC cells, see Small cells lung cancer
(SCLC) cells
SCT, see Stemcells transplants (SCT)
SDEF-1, see Stromal derived factor-1 (SDF-1)
Second International Breast Cancer
Intervention Study (IBIS-II), 209
Secreted PLA2 (sPLA2), 74-75
SFRP2, see Soluble frizzle-related protein-2
(sFRP2)
ShulL-6R, see Soluble IL-6 receptors
(shulL-6R)
Skeletal cells
LPA long-term effects on, 78-80
LPA receptors expression in, 76-77
Skeletal remodeling, in bone cancer pain,
173-176
Small cells lung cancer (SCLC) cells, 185
Smooth muscle cells, 175
SOFT, see Suppression of Ovarian Function
Trial (SOFT)
Soluble frizzle-related protein-2 (sFRP2), 46
Soluble IL-6 receptors (shulL-6R), 194
Sonic hedgehog signaling, in osteomimicry,
161
Spinal cord compression, in bone metastasis,
60
SPLA2, see Secreted PLA2 (sPLA2)
Spontaneous model
of breast cancer, 182
of lung cancer, 185
in melanomas mice, 194
of multiple myeloma, 193
of prostate cancer, 187-188
of renal cancers, 192
Somatostatin receptors (SSTR), 125
SSTR, see somatostatin receptors (SSTR)
Stem cells
migratory pathways, 92
niche dynamics at pre-metastatic sites, 95
Stem cells-like phenotypes of DTC, 110-111
Stem cells transplants (SCT), 229
allogeneic, see Allogeneic stem cell
transplantation
complications, 234-235
future of, 235
priniciples of, 230-231
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technical aspects of, 230-231
Stereotactic radiosurgery
clinical evaluation for, 246-249
dosing for, 246-249
Stromal derived factor-1 (SDF-1), 61
Sunitinib, 221
Suppression of Ovarian Function Trial
(SOFT), 209
Surface osteosarcomas, 21
Survivin, 159
Syngeneic model
of breast cancer, 182-183
of lung cancer, 185
in melanomas mice, 195
of multiple myeloma, 193
of prostate cancer, 188

Tamoxifen, 208
compared with Als, 209-210
versus tamoxifen alone, 210-211
Tamoxifen and Exemestane Trial (TEXT),
209
Taxol, 192
Tax 327 study, 223
TBI, see Total body irradiation (TBI)
4T1 cell line, 182
4T1.2 cell lines, 182
4T1.13 cells lines, 182
Telecurietherapy, 241
Telomere maintenance, in osteosarcomas,
27-28
TEM, see Transendothelial migration (TEM)
Testosterone, 207
TEXT, see Tamoxifen and Exemestane Trial
(TEXT)
TGF-1, see Transforming growth
factor-beta 1 (TGF-1)
TGF-B signaling, 163
Therapeutic approaches
in bone cancer pain, 173-176
breast cancer, 224
lung cancer, 224-225
prostate cancer, 222-224
renal cell carcinoma, 220-221
thyroid cancer, 221-222
Therapeutic inhibition, of pre-metastatic
niche, 95-96
Therapeutic targets, for DTC, 111
Thrombopoiesis, BMEC role in, 7
Thyroid cancer
LPA and, 82
therapeutic approaches, 221-222
TIMP-3, 195
TKI, see Tyrosine kinase inhibitor (TKI)
Total body irradiation (TBI), 229
TP53, role in osteosarcomas, 25
Transendothelial migration (TEM), 62
cancer-endothelial adhesions and, 63-64

Transforming growth factor-beta 1
(TGE-B1), 183
Transforming growth factor beta (TGF-f),
inflammatory response of, 144-145
Transgenic models
of breast cancer, 184
of lung cancer, 187
of prostate cancer, 191
Transplant-related mortality (TRM), 233
Trastuzumab, 224
TRM, see Transplant-related mortality
(TRM)
TSG, see Tumor suppressor genes (TSG)
Tumor cells
migratory pathways, 92
survival and dissemination by accessory
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