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PREFACE

Bone Metastasis: Experimental and Clinical Therapeutics is intended as an introduc-
tion to the molecular underpinnings of bone metastasis. Contributions from internation-
ally recognized authorities on the fundamental concepts, current treatment approaches,
and future therapeutic strategies provide a synopsis of bone metastasis. Our insights into
the molecular mechanisms underlying the pathophysiology of bone metastasis are still
evolving. These advances are driving the application of new therapeutic strategies di-
rected at recently discovered molecular targets.

The first 11 chapters in Bone Metastasis: Experimental and Clinical Therapeutics
focus on fundamental concepts associated with the process of metastasis. The roles of the
various autocrine, paracrine, and immunological factors are intimately involved in the
progression and establishment of bone metastases. Understanding these concepts has led
to and will continue to provide novel approaches to their treatment. Chapters 12-19
discuss various strategies that appear to have promise and that are currently deployed in
treatment or are at the experimental stage. Understanding of the physiological process
that leads to bone degradation, pain, angiogenesis, and dysregulation of bone turnover by
the tumor is critical. Thus, the treatment of bone metastases may need to be individual-
ized, employing a combination of surgical, radiation, and/or pharmacological maneu-
vers. Further understanding of various pharmacogenomic parameters and tissue
environmental factors is essential for progress beyond the current standard approaches
of using radiation and/or bisphosphonates for palliation.

The editors would like to express their gratitude to all the authors for their scholarly
contributions, which have summarized current literature in their field. We would also like
to thank Dr. Beverly Teicher for inviting us to edit this book for the Cancer Drug Dis-
covery and Development series. We would like to acknowledge the persistence and
encouragement from Paul Dolgert, Editorial Director at Humana Press. Finally, the sup-
port and assistance of Ms. Heather Blackborow is greatly appreciated.

Gurmit Singh, php
Shafaat A. Rabbani, mp
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1 Overview

Sadmeet Singh, BM, BS, FRCS,
and Gurmit Singh, PhD
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1. INTRODUCTION

Metastases rather than primary tumors are responsible for the lion’s share of the
morbidity and mortality arising from malignant disease. Patients with advanced breast or
prostate cancers usually develop bone metastases and usually harbor the bulk of their
tumor burden in the bone at the time of death. Although it is difficult to quantify the
prevalence of bone metastases, natural history and autopsy studies give an indication of
the scope of the problem. In breast cancer, the skeleton is the most common site for
metastasis and first distant relapse, and median survival following detection is more than
20 mo (/). At their presentation with prostate cancer, 8% of white American males and
14% of African-American males have bone metastases (2), whereas the mean incidence
of bone metastasis in an analysis of autopsy studies of prostate cancer is 70% (3). It is
clear, therefore, that bone metastases are both a common manifestation in patients with
breast and prostate cancer and often a prolonged one. Given these considerations and the
fact that bone metastases are not usually clinically silent, their importance in the context
of the overall suffering and management associated with these malignancies is evident.
Clinically, the lesions behave somewhat differently in the two cancers, with pathological
fractures being relatively more common in breast cancer and severe, often intractable
pain a classic feature of metastases in patients with advanced prostate cancer (4). Spinal
cord compression as a result of vertebral metastasis is perhaps the most devastating
complication of skeletal involvement with hypercalcemia and leukoerythroblastic ane-
mia being the commonest systemic sequelae.

From: Cancer Drug Discovery and Development
Bone Metastasis: Experimental and Clinical Therapeutics
Edited by: G. Singh and S. A. Rabbani © Humana Press Inc., Totowa, NJ
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4 Part I / Fundamental Concepts

2. HOW TUMOR CELLS GET TO THE BONE

The principles underlying the dissemination of a primary tumor and the develop-
ment of metastasis involve a series of steps that are the same for bone metastases as for
hematogenous spread to other sites (5). Tumor cells from the primary lesion must first
invade into the normal surrounding tissue, which they accomplish by producing pro-
teolytic enzymes. This gives the tumor cells access to the microvasculature of the
surrounding tissue, but they also make use of the neovascularization that the primary
tumour induces, a process termed “angiogenesis” (6). Cancer cells then have to sur-
vive in the circulation and travel to distant sites where, once arrested, they have to cross
from the vascular network back into normal tissue. In order for a metastasis to be
established, the cells need to be able to survive in the new environment. In the case of
bone metastases, tumor cells entering the sinusoidal vascular channels of the bone
marrow cavity have to traverse the sinusoidal wall in order to invade the marrow
stroma. Angiogenesis is then required for the cells to form a macroscopic tumor at the
endosteal surface of the bone. It is well known that this sequence of events is ineffi-
cient; a very small proportion of the tumour cells that enter the circulation eventually
end up as clinically detectable metastases (7). Recent data from experimental models
of metastasis suggest that the initial steps of the metastasis cascade are completed
highly efficiently and that the inefficiency of the process is apparent from the point at
which tumor cells extravasate from the circulation at secondary sites (8,9).

A “homing” mechanism for cancer cells to specific organs has recently been proposed
in experiments with breast cancer cells. Investigators showed that lung and bone stromal
cells secrete a chemokine, CXCL12, and that breast cancer cells express high levels of
aspecific receptor, CXCR4. Using neutralizing antibodies to the receptor, they were able
to block pulmonary metastasis. There has long been a search for such mechanisms and
this finding offers exciting prospects for targeting bone metastases (10).

3. THE BONE MICROENVIRONMENT:
OSTEOLYTIC AND OSTEOBLASTIC METASTASES

The relationship between the tumor cells and the host tissue is a major factor in their
ability to develop into macroscopic metastases. This is often referred to as the “seed” (the
tumor cells) and “soil” (the metastatic site) hypothesis of metastasis after Paget’s paper
of 1889 discussing the distribution of metastases in breast cancer (/7). The unravelling
of the molecular mechanisms involved in the interaction between the host microenviron-
ment and tumor cell is seen as a key to the development of new therapies to deal with
metastases.

It has been traditional to consider bone metastases arising from breast cancer as
osteolytic and those from prostate cancer to be osteoblastic. This difference between the
two diseases is evident in the radiological appearances of the bone metastases, but the
classification is an oversimplification of the mechanisms involved. Here, the molecular
crosstalk between the tumor cells and the bone microenvironment play a large part
in determining the nature of the lesions. Osteolytic and osteoblastic lesions are two
extremes, with the metastases of breast and prostate cancers usually containing elements
of both in different proportions.
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3.1. Parathyroid Hormone-Related Peptide

The damage caused to the skeleton by bony metastases is usually in excess of what
would be expected by the presence and volume of the tumor cells alone, particularly in
the clinically lytic lesions of breast cancer. The osteolysis that causes this damage is a
result of the activation of osteoclasts, specialized bone-resorbing cells that are derived
from monocytes. The principle mediator of this osteoclast activation is parathyroid hor-
mone-related peptide (PTHrP) (/2). PTHrP was initially discovered during the search for
a peptide sharing amino-terminal homology with parathyroid hormone from tumors
associated with hypercalcemia (/3) PTHrP plays a central role in the hypercalcemia of
malignant disease by acting on the parathyroid hormone receptor to cause increased renal
absorption and bone release of calcium (/4). It is worth emphasizing here that although
bone destruction is an important etiological factor in the development of hypercalcemia
in malignancy, the role of renal mechanisms has tended to be underestimated.

Parathyroid hormone-related peptide is undetectable in health, but it is present in most
patients with breast cancer and its levels are higher in bone metastases than in either soft
tissue secondaries or in primary tumors (/5). Osteoclastic bone resorption resulting from
bone-induced tumor cell overproduction of PTHrP causes the release of active growth
factors. A “vicious cycle” of bone loss is then established because the growth factors lead
to proliferation of tumor cells, which, in turn, continue to produce osteolysis-promoting
PTHrP (16). The expression of PTHrP in the biopsies of bone metastases from patients
with untreated prostate cancer has recently been shown in an immunohistochemical study
(17). This finding is consistent with our understanding that osteoclast activation occurs
in prostate cancer, although the role of PTHrP in the pathogenesis of skeletal disease in
this malignancy requires further investigation.

3.2. The RANK-RANKL System and Bone Metastasis

Following from the discovery of the role of PTHrP in the etiology of osteolytic bone
metastasis has been the identification and characterization of a new cytokine system
capable of regulating the proliferation, differentiation, activation and apoptosis of osteo-
clasts (18). This cytokine system is comprised of receptor activator of nuclear factor k3
ligand (RANKL), its receptor (RANK), and its “decoy receptor,” osteoprotegrin (OPG).
The exogenous administration of RANKL to normal mice has been shown to increase the
number and activity of osteoclasts and promote the development of severe osteoporosis
and lethal humoral hypercalcemia. Recently, it has been shown that PTHrP-producing
breast cancer cells led to bone erosion and the expression of RANKL when injected
into the periosteum of mice skulls, whereas non-PTHrP-producing cells did not lead
to destructive bone lesions (/9). OPG acts as a endogenous receptor antagonist able
to neutralize the biological effects of RANKL. A variety of both in vitro and in vivo data
have demonstrated the antiosteoclastic effects and bone-protective actions of OPG as
recently reviewed by Hofbauer et al. (20).

3.3. Growth Factors

Interactions between members of a number of growth factor families secreted by
breast and prostate cancer tumors and the bone have been observed. Members of the
transforming growth factor-f3 (TGF-P) family have been implicated in the development
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of bone metastases in breast and prostate cancers at many levels. They are powerful in
vivo stimulators of new bone and their involvement in the development of osteoblastic
lesions in prostate cancer has been shown by a number of investigators (20). Recent
evidence also suggests that TGF-J is involved in PTHrP-induced osteolytic metastases
(21) and the RANKL system (22).

Prostate cancers secrete large amounts of acidic and basic fibroblast growth factors
(FGFs). These have been shown to stimulate bone formation in vivo and thus act as
mediators for osteoblastic metastases (23). Endothelin-1 is another growth factor shown
to be associated with the development of metastases in prostate cancer. It is found at
increased levels in patients with prostate cancer, and bone metastases (24) and prostate
cancer cells have been shown to stimulate osteoblast activity by secreting it (25).

4. MATRIX METALLOPROTEINASES AND BONE METASTASIS

The matrix metalloproteinase (MMP) family comprises over 20 zinc-dependent pro-
teases that, collectively, are able to degrade all of the components of the extracellular
matrix. As experience has accumulated with MMPs, so has the discovery that their
substrates include a wide variety of extracellular proteins such as other proteinases,
proteinase inhibitors, chemotactic molecules, cell surface receptors, and adhesion mol-
ecules (26). MMPs play arole in the physiological remodeling of bone: They are involved
in osteoclast recruitment to sites of remodeling (27) and are among the enzymes that
degrade the mineralized bone matrix (28). Increased MMP expression has been docu-
mented in nearly all epithelial tumors. In prostate cancer, MMP-2 expression has been
found to be a marker for tumor vs normal tissue and to be correlated with tumor grade (29)
and the presence of metastasis (30). Similarly, a wide variety of MMPs have been impli-
cated in the pathogenesis and metastasis of breast cancer (3/). MMP activity seems to be
particularly relevant in the development of bone metastases as a result of the abundance
of the extracellular matrix and its resistance to degradation.

5. THERAPEUTIC APPROACHES

The above-discussed molecular mechanisms all present opportunities for therapeutic
intervention. The successful use of bisphosphonates for metastatic bone disease is an
example of application of the understanding of these mechanisms for therapeutic pur-
poses. They and some of the approaches, which will hopefully yield benefit in the future,
are discussed in the following subsections. A schematic diagram of some of the mecha-
nisms involved, the sites, and the modes of intervention discussed is shown in Fig. 1.

5.1. Bisphosphonates

These drugs are already indicated for the treatment of metastatic bone pain in breast
and prostate cancer as well as for the prevention of skeletal-related events in breast
cancer. In addition, they are a highly effective therapy for the treatment of hypercalcemia
in patients with all tumor types, in the presence or absence of bone metastases, and are
used for the treatment/prevention of osteoporosis in women.

All bisphosphonates have a central P-C-P-containing structure, which is able to bind
to mineralized bone matrix, and a variable side chain that determines the potency, side
effects, and precise mechanism of action. The rationale for the use of bisphosphonates
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Fig. 1. Schematic showing some of the steps involved in the development of bone metastases along
with sites and modes of current and proposed intervention.

in metastatic bone disease lies in their inhibitory action against osteoclasts enabling them
to diminish bone resorption. Bisphosphonates bind avidly to exposed bone matrix around
resorbing osteoclasts, reaching very high concentrations at these sites. Once released
from the bone surface, they are taken up by osteoclasts, where they disrupt the biochemi-
cal processes involved in bone resorption. Bisphosphonates also cause osteoclast
apoptosis and recent data suggest that they might be directly apoptotic to tumor cells (32),
although the molecular targets for these actions remain unknown.

The antiosteolytic action of these drugs and their proven efficacy in decreasing the
burden of bone metastasis in breast cancer (33) has led to the evaluation of their use in
the management of skeletal disease in prostate cancer. This is based on the realization that
osteolysis occurs in bone lesions from prostate cancer, but it occurs in the background of
an intense osteoblastic reaction (/6,34). However, data have been unconvincing. The
most encouraging results have recently been published in a randomized controlled clini-
cal trial assessing the efficacy of zoledronic acid (the most powerful bisphosphonate
currently used) in patients with hormone-refractory metastatic prostate cancer (35). Some
of the end points measured (skeletal related events and time to first skeletal-related event)
demonstrated significant benefit in favor of the treatment arm. A review of the results,
however, did not recommend the routine use of the drug in patients with metastatic
prostate cancer on the basis of the lack of demonstration of net benefit and probable cost
implications (36).
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ycline

Fig. 2. Examples of femurs harvested from mouse bone metastasis model. The left-hand panel
shows a control animal in which no tumor cells were injected and no drug was given. In the middle
panel is a femur in which the animal received breast cancer cells. There is widespread destruction
of the bone with metastatic tumour shown by the outline. The third femuris from an animal injected
with tumor cells and treated with doxycycline. There is a dramatic decrease in tumor burden
compared with the untreated animal.

5.2. Other Approaches Targeting Osteolytic and Osteoblastic Factors

The elucidation of some of the molecular mechanisms involved in bone metastasis
discussed earlier have opened new avenues for targeting of therapies. The endogenous
decoy receptor to RANK, OPG, has been shown to effectively inhibit osteolysis and
bone metastasis burden in murine models (37). RANK-Fc is molecule that acts in the
same way as OPG and, again, has shown very promising results in suppressing bone
resorption in an animal model of tumor-induced osteolysis (38). PTHrP has also been
used as a therapeutic target. Using antibodies to PTHrP in bone metastases from breast
cancer cells implanted into nude mice, investigators were able to show abrogation of
osteolytic lesions (/2). It is thought that these strategies might be more effective than
using bisphosphonates both decreasing bone resorption and treating hypercalcemia.

5.3. MMP Inhibitors

Inhibition of MMPs is conceptually a very good aim in the management of metastatic
disease. MMPs are produced largely by stromal tissue in response to tumor cells, so
therapy targeted here theoretically avoids the problem of tumor resistance. Tumor cells
do, however, utilize their own MMP production (39) in order to intravasate from their
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primary site and extravasate at the site of metastasis (40). Therefore, therapy is potentially
active at multiple levels; against primary tumor cells, at the site of metastasis, and in the
stroma. Following successful in vitro and in vivo studies, a number of MMP inhibitors
have been tested in clinical trials for a variety of tumors, although not specifically for
bone metastasis. Unfortunately, the results of phase III trials have been disappointing
with little evidence of clinical efficacy; indeed, two trials were terminated early because
of poorer survival in the treatment arms (4/).

Encouraging preclinical data have recently shown MMP inhibitors to be effective
against bone metastases in animal models of breast and prostate cancer. One group has
demonstrated that an MMP inhibitor can decrease bone tumor burden and increase sur-
vival ina mouse model of metastatic breast cancer (42). Another (43) has provided in vivo
confirmation of in vitro results from our laboratory (44) that prostate cancer cells produce
MMPs when introduced to the bone environment. Using a model in which human prostate
cancer cells are injected into human bone implanted within a mouse, they observed that
an MMP inhibitor prevented bone degradation and reduced tumor cell proliferation. Both
ofthese recent studies have highlighted and exploited the relationship of the skeleton with
the prostate to show a beneficial effect of MMP inhibition in bone metastasis.

5.4. Tetracyclines and Bone Metastasis

The use of the tetracycline family of antibiotics for the treatment and prevention of
bone metastasis from breast and prostate cancer is a particular research interest in our
laboratory. Tetracyclines are broad-spectrum antibiotics indicated in a wide range of
Gram-negative and Gram-positive infections. The finding that led to the interest in the
use of tetracyclines in metastatic bone disease was the discovery that they inhibited
connective tissue breakdown by a nonantimicrobial mechanisms (45). It has since been
determined that the principle mechanism by which tetracyclines achieve this is MMP
inhibition. This is thought to be a result of their ability to chelate zinc ions on which
MMP activity is dependent (46). Tetracyclines also inhibit the production and activa-
tion of MMP proenzymes—the latent form that MMPs are secreted before activation
by endogenous proteases (47). Tetracyclines have also been shown to directly inhibit
the proliferation of human tumor cell lines, including breast and prostate in vitro (48,49).
Chemically modified tetracyclines that possess MMP inhibition activity but do not
have antibacterial activity have recently been developed and these have been shown to
successfully decrease bone loss in models of osteoporosis (50). The use of tetracycline
to prevent bone loss has been given further support by the finding that tetracyclines
induce apoptosis in osteoclasts (57 ). The final, but perhaps most compelling, rationale
for the use of tetracyclines in the treatment or prevention of bone metastasis is the high
concentrations they achieve in bone. They are quickly cleared from the bloodstream but
accumulate in the skeleton, where their maximum therapeutic benefit is proposed (48).
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1. INTRODUCTION

Parathyroid hormone-related peptide (PTHrP) was originally isolated as a causal fac-
tor for hypercalcemia of malignancy (HM), one of the most frequent paraneoplastic
syndromes. The association of hypercalcemia with malignancy was originally assumed
to be the result of tumor invasion of bone with resultant osteolysis (/,2), but subsequent
studies demonstrated an association of hypercalcemia with cancer, even when the tumor
had not metastasized to bone. In a careful clinical analysis of a case of renal cell carci-
noma with metastases, it was noted that hypercalcemia was associated with hypophos-
phatemia (3). It was therefore postulated, because lysis of bone should liberate both
calcium and phosphate, that the tumor was producing a factor that was both hypercalce-
mic and phosphaturic, analogous to parathyroid hormone (PTH) (3). The concept arose
that tumors might “ectopically” produce PTH, which is normally expressed only in the
parathyroid gland. The term “pseudohypoparathyroidism” was therefore employed to
describe a syndrome in which cancers had not metastasized to bone, but were associated
with hypercalcemia and other PTH-like biochemical abnormalities (4). Certain biochemi-
cal alterations were, however, found to differ in primary hyperparathyroidism and
“pseudohyperparathyroidism,” including a higher level of serum calcium in the latter and
a tendency in the latter toward an alkalosis rather than an acidosis. The development of
sensitive bioassays for PTH-like bioactivity confirmed the presence of PTH-like material
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in the tumors and serum of patients with pseudohyperparathyroidism (5). Although analy-
ses of tumors for PTH-protein (6) and mRNA-encoding PTH (7) failed to detect PTH in
this syndrome, a PTH-like substance was subsequently isolated and cloned from several
tumors (8—10). This material was referred to initially as both PTH-like peptide and PTH-
related peptide and is now known by the term “PTH-related peptide” (PTHrP).

2. MOLECULAR CHARACTERISTICS OF PTHrP
AND ITS GENE EXPRESSION AND REGULATION

Parathyroid hormone-related peptide is a member of a gene family, which encom-
passes PTH, PTHrP, and a hypothalamic peptide, tuberoinfundibular peptide 39 or TIP39
(11) (Fig. 1). The human gene encoding PTHrP is assigned to the short arm of chromo-
some 12, whereas that for PTH is located on the short arm of chromosome 11. Chromo-
somes 11 and 12 carry other functionally related genes and are thought to have arisen
from a common ancestral gene. Similarities in the structural organization of the PTH and
PTHrP genes exist in that corresponding exons encode similar functional domains. Fur-
thermore, PTH and PTHrP share limited but biologically important amino-acid-sequence
homology in their NH,-terminal domains, where most of the best documented bioactivity
is believed to reside. Both PTH-like and PTHrP-like peptides have been found in many
species as far back as teleosts (13).

The human PTHrP gene spans more than 14 kb of DNA and contains a minimum of
7 exons and 3 promoters. Alternative promoter usage and/or different splicing patterns
account for heterogeneous PTHrP mRNA species. These species encode secretory pro-
teins with mature isoforms up to 139, 141, and 173 amino acids. Consequently, amino
acid identity exists in all three forms of position 139 (73). The significance of the carboxyl
heterogeneity remains uncertain because there is no consistent evidence that tissue-
specific or developmental splicing patterns occur. Tumor-specific promoter utilization
has been suggested as a possible explanation of why many malignancies express PTHrP
mRNA and protein but only a subset of cancer patients in fact secrete PTHrP in sufficient
quantity to develop hypercalcemia (/4). In some studies, a general increase in transcrip-
tion has been suggested rather than enhanced single-promoter usage with alternative
splicing to account for PTHrP overproduction in cancer. Region-specific promoter
demethylation (/5) and gene amplification (/6) have also been noted to enhance PTHrP
expression in certain malignancies. A number of studies have examined the molecular
regulation of PTHrP gene expression. A variety of growth factors, including epidermal
growth factor (EGF) (17), insulin-like growth factor (IGF)-1 (/8), and transforming
growth factor (TGF)-B (19) have been shown to stimulate PTHrP expression, whereas
1,25-dihydroxyvitamin D [1,25(OH)D] and androgens have been shown to inhibit its
expression (20,21) (Fig. 2). Growth factors produced in a paracrine/autocrine mode by
a PTHrP-producing neoplasm or released from surrounding host cells when tumors
invade the skeleton or soft tissues might play an important role in enhancing PTHrP
production by the tumor cells (/9) (Fig. 3).

3. PTHrP ACTIONS
3.1. PTHrP as a Polyhormone

Parathyroid hormone-related peptide has been postulated to be a polyhormone and
diverse biological actions have been ascribed to its amino (NH,)-terminal, midregion,
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Fig. 1. PTH ligand and PTH receptor families. PTHrP is a member of a gene family that includes
parathyroid hormone (PTH) and tuberoinfundibular peptide (TIP39). Amino acid sequence ho-
mology is restricted to the amino-terminal domains (shaded regions) of these hormones. Human
PTHrP can occur as isoforms of 139, 141, or 173 amino acids, whereas PTH is an 84-amino-acid
peptide. The plasma membrane target tissue receptors for these peptides are two G-protein-coupled
receptors that are also members of a single gene family. PTHrP and PTH interact with the Type
I PTH receptor, and PTH and TIP39 interact with the Type II receptor.

and carboxyl regions. The carboxyl region has been shown, in some studies, to exert an
osteoclast inhibitory role (22). A mid-region domain has been demonstrated to contain
a nuclear localization sequence that might direct the molecule (23), via the use of the
importin B system (24), into the nucleus and then to the nucleolus, where it might alter
cell growth, differentiation, and/or apoptosis. Indeed, several studies have demonstrated
the presence of intranuclear PTHrP both in tissues in vitro and in vivo. Since nascent
PTHrP contains a leader sequence (25) that ordinarily would direct the molecule into the
secretory pathway, several cellular routes have been reported that could lead to the
presence of PTHrP in the cytoplasm and enable its nuclear import. These pathways
include the use of an alternate translational start site that would exclude expression of the
leader sequence (25), internalization of secreted PTHrP (26), and back-transport of PTHrP
from the secretory system to the cytoplasm, where it could be available for nuclear import
or degraded by the ubiquitin—proteosome pathway (27). Future studies employing
“knock-in” technology might be useful for understanding the role of the midregion and
carboxyl regions of PTHrP to its biological functions in vivo. The majority of the well-
documented bioactivity of PTHrP is present within its NH,-terminal domain so that, in
analogy with synthetic PTH (1-34), synthetic PTHrP (1-34), or synthetic PTHrP (1-36)
appear to mimic many of the effects of the full-length PTHrP molecule. Sequence homol-
ogy between PTH and PTHrP is restricted to 8 of the first 13 amino acids at the NH,-
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Fig. 2. Regulation of PTHrP production. Growth factors might stimulate PTHrP production by
increasing gene transcription via the RAS—mitogen-activated protein kinase (MAPK) pathway
whereas 1,25-dihydroxyvitamin D3 [1,25 (OH)2 D3] might act via the vitamin D receptor (VDR)
to inhibit PTHrP gene transcription. The mRNA translation product, Pre Pro PTHrP, must first
be processed by a furin-like enzyme to remove a “leader” or “pre pro” amino acid sequence, and
the mature PTHrP molecule can then be secreted. Sites of potential inhibition of PTHrP include
(a) RAS inactivation (via farnesyl transferase inhibitors), (b) use of low calcemic vitamin D
analogs to inhibit PTHrP gene transcription, (c) use of antisense RNA toreduce PTHrP translation,
(d) use of furin antagonists to inhibit PTHrP processing, and (e) use of inhibitors or antibodies to
interfere with PTHrP action.

terminus including those at positions 1 and 2, which are critical for the activation of
adenylate cyclase. This limited homology, as well as conformational similarities in the
nonhomologous 14-34 sequence permits the 1-34 domain of PTHrP and of PTH to bind
to a common receptor with equal affinity (Fig. 1). To date, no receptor for domains other
than the NH,-terminal domain have been identified for PTHrP.

3.2. PTHrP Receptor and Postreceptor Signaling

The NH,-terminal domains of PTHrP and of PTH bind to a common seven-transmem-
brane-spanning receptor that is linked by G proteins to both the adenylate cyclase and
phospholipase C signaling pathways (28,29). With the discovery of a second receptor
which binds PTH, the receptor common to both PTH and PTHrP has been termed the type
I PTH/PTHrP receptor (PTR). The second (type II) receptor has weak affinity for PTHrP
but binds PTH and TIP39 (30) (Fig. 1). In view of its primary expression in the brain and
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Fig. 3. Endocrine and paracrine effects of PTHrP on tumor-induced bone resorption. Growth
factors released by malignant cells that have not metastasized to bone might stimulate PTHrP
production and secretion in an autocrine mode; PTHrP might then function in an endocrine manner
to resorb bone. Alternatively, PTHrP that is released by malignant cells that have colonized bone
can locally resorb bone and release growth factors that can act in a paracrine mode to enhance
PTHrP production.

outside of calcium-regulating tissues, it appears to be the primary receptor for TIP39 and
its role, if any, in calcium and skeletal homeostasis remains to be determined.

In addition to the traditional signaling molecules cAMP/protein kinase A and calcium/
diacylglycerol/protein kinase C, increasing work in recent years has identified other
signaling molecules, presumably linked directly or via crosstalk to the PTR, including
phospholipase D (3/), MAP kinase (32), and, possibly, nitric oxide (33).

3.3. Physiologic Roles of PTHrP

Parathyroid hormone-related peptide effects on cell growth and differentiation and the
Type I PTR are expressed in a variety of cells and tissues beginning in early embryogen-
esis. In vitro and in vivo studies in animals have shown that PTHrP can alter the growth,
differentiation, and differentiated functions of a variety of different normal cells and
tissues, including, for example, keratinocytes (34), mammary cells (35), brain cells (36),
smooth muscle cells (37), respiratory epithelial cells (38), renal cells (39), and pancreatic
B cells (40). In some tumor situations, PTHrP has also been shown to exert growth-
promoting effects. However, a profound physiologic effect of PTHrP has been demon-
strated, via studies of targeted gene ablation, on endochondral bone formation. Normal
growth and differentiation of the cartilaginous growth plate appears critically dependent
on the action of PTHrP (4/). In studies of postnatal animals, PTHrP appears important
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for normal bone formation (42). The physiologic effects of PTHrP are almost certainly
subserved through local paracrine/autocrine effects. When PTHrP is overproduced in
neoplasia and enters the circulation, its endocrine role in HM largely mimics the effects
of circulating PTH on the kidney and on bone (43).

3.4. Renal Effects of PTHrP

In view of its prominent effect on stimulating adenylate cyclase in the kidney, PTHrP,
as with PTH, enhances renal cell intracellular cAMP, a fraction of which enters the renal
tubular lumen and is excreted as a nephrogenous portion of urinary cAMP. Consequently,
in PTHrP-associated HM, nephrogenous cAMP (NcAMP) in the urine is elevated (44).
Cyclic AMP appears to mediate many of the cellular responses to PTHrP, as it does to
PTH, including the phosphaturic response. This response appears to occur via enhanced
protein kinase A but also protein kinase C-mediated internalization of the (Type II) Na/
PO, cotransporter leading to diminished phosphate reabsorption (45). PTHrP-induced
stimulation of calcium reabsorption, predominantly via active transcellular transport in
the ascending limb of the loop of Henle and in the distal tubule, is another critical renal
effect that seems important for the development and maintenance of the hypercalcemia
in HM (46). Mobilization of calcium from bone resorption might be responsible of the
episodes of severe hypercalcemia observed in more advanced stages of the disease.

A third major effect of PTHrP in the kidney is its effect on the renal 1o hydroxylase
enzyme. Intravenous administration of NH,-termal fragments of PTH or PTHrP both in
animals (47) and humans results in an elevation in serum 1,25(0OH),D. Additionally, it
has been suggested that a positive correlation might also exist between 1,25(OH),D and
PTHrP in the early stages of HM (48). Nevertheless, serum 1,25(OH),D concentrations
are often suppressed in the terminal stages of HM, when the patient is severely hypercal-
cemic (44). It is possible that non-NH,-terminal domains of PTHrP could be inhibitory
on the renal 1o hydroxylase enzyme, that additional inhibitory materials might be
cosecreted with PTHrP by the tumor, or that severe hypercalcemia per se might inhibit
the enzyme. These possibilities remain to be definitively explored. Finally, whether
HCO; reabsorption by the kidney can be handled differently by PTHrP and by PTH
leading to a mild metabolic akalosis in HM vs a mild metabolic acidosis in primary
hyperparathyroidism also remains to be clarified. To date, few major differences have
been observed in PTHrP and PTH effects of the kidney in controlled animal studies or in
humans, suggesting that other mechanisms might converge to modulate kidney function
in the patient with HM and advanced neoplasia.

3.5. Skeletal Actions of PTHrP

Both PTHrP and PTH bind in vivo to cells of the osteoblastic phenotype (49), which
express the Type I PTR. Each peptide can enhance both osteoblastic bone formation
and osteoclastic bone resorption through this interaction. The mechanism of osteoclas-
tic bone resorption involves the enhancement of expression, in osteoblastic stromal
cells, of the cytokine, receptor activator of nuclear factor-kf3 (RANK) ligand (RANKL),
which can then bind to its cognate receptor RANK on cells of the hematopoietic lineage
(Fig. 4) (50). RANKL is a member of the tumor necrosis factor (TNF) family of
cytokines and RANK transduces the RANKL signal via second messengers such as
TRAF6. This interaction then promotes differentiation and fusion of mononuclear
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Fig. 4. Role of the RANKL-RANK-OPG system in PTHrP-induced osteoclastogenesis. PTHrP
secreted from malignant cells can interact with an osteoblastic stromal cell, causing increased
production of RANKL and decreased production of OPG. RANKL binds to its cognate receptor
RANK in osteoclast precursor cells, which are of the hematopoietic lineage, causing them to
differentiate and fuse to form multinucleated cells that are then activated to form bone-resorbing
osteoclasts.

osteoclast precursors to multinucleated cells and then activation of the multinucleated
osteoclasts to resorb bone (57,52). Simultaneously, PTHrP (and PTH) can reduce the
expression of a soluble decoy receptor for RANKL termed “osteoprotegerin” (OPG)
(53) and thereby enhance the capacity of RANKL to interact with RANK (Fig. 4). In
HM, PTHrP clearly enhances osteoclastic bone resorption to an extent that exceeds
osteoblastic bone formation, thereby causing a net mobilization of calcium from bone
and contributing to hypercalcemia.

When PTHrP is released from a tumor that has not yet invaded bone, this might cause
diffuse osteopenia, but even when neoplasms such as breast cancer have metastasized to
bone, locally released PTHrP might also contribute to local osteolysis in the microenvi-
ronment adjacent to the tumor metastasis (Fig. 3). This localized resorption around
skeletal metastatic lesions might or might not result in hypercalcemia probably depend-
ing on the extent of the metastasis and the capacity of the kidney to clear the increased
filtered load of calcium. Just as autocrine growth factors can stimulate PTHrP production
in a tumor that has not yet metastasized to bone, growth factors released from bone such
as TGF-f can stimulate PTHrP production locally in a paracrine mode (Fig. 3). Although,
in animal models of HM, bone formation appears to accompany the accelerated resorp-
tion caused by PTHrP, this might not always occur in humans with HM, such that
“uncoupled” resorption might occur (54). Whether other tumor products or the extent of
hypercalcemia play a role in this discordance remains to be clarified.



20 Part I / Fundamental Concepts

Table 1
Causes of Hypercalcemia of Malignancy (HM)

HM with overproduction of PTHrP
Humoral Hypercalcemia of Malignancy (HHM)
Solid tumors with skeletal metastases
Hematopoietic malignancies
HM with overproduction of other factors
Lymphomas with overproduction of 1,25-dihydroxyvitamin D
Malignancies with overproduction of other cytokines
Ectopic hyperparathyroidism

3.6. Spectrum of Tumors Associated With PTHrP Overproduction

In contrast to PTH, whose expression is virtually restricted to the parathyroid gland,
PTHrP is widely expressed in a variety of normal fetal and adult tissues. Consequently,
itis likely that overproduction of PTHrP by a broad spectrum of tumors likely represents
eutopic overexpression, as malignant transformation of these tissues occurs, rather than
ectopic expression. However, true ectopic overexpression of PTH as a cause of HM has
been documented in a small number of tumors.

The syndrome of HM in the absence of skeletal metastasis (humoral hypercalcemia of
malignancy or HHM) has classically been associated with renal cell carcinomas and
squamous cell carcinomas derived from a variety of primary sites (Table 1). Once it was
demonstrated that PTHrP infusion could induce the biochemical and skeletal abnormali-
ties of HM it was believed that PTHrP overproduction would only be associated with such
tumors. With the introduction of molecular biological and immunological techniques to
detect PTHrP, it became clear that overexpression of PTHrP and elevated circulating
concentrations of this peptide can occur with a much broader histological spectrum of
tumors than was originally envisioned. Thus, breast cancers produce PTHrP (55), as do
a variety of other tumors, including endometrial (56) and colon cancers and even
mesotheliomas (57). A variety of endocrine tumors have also been shown to produce
PTHrP (58), including pleochromocytomas (59), insulinomas (60), parathyroid adenomas
(61), pituitary tumors (62), and thyroid cancers (63 ). Furthermore, increased circulating
concentrations of PTHrP have been detected in some patients with hematological malig-
nancies, especially those with advanced-stage lymphomas (64). In contrast, PTHrP over-
production in multiple myeloma seems less frequent than in other hematologic
malignancies. PTHrP can contribute to HM in patients with lymphomas whose hypercal-
cemiain the past was attributed solely to excess 1,25(OH),D. Although not all tumors that
show increased expression of PTHrP secrete sufficient PTHrP so that it is detectable in
the serum, even with such tumors (e.g., breast cancer), PTHrP released locally can induce
osteolysis around metastases and contribute to the localized bone resorption.

4. HYPERCALCEMIA OF MALIGNANCY: CLINICAL CONSIDERATIONS
4.1. Clinical Manifestations of HM

Hypercalcemia is usually a manifestation of advanced malignancy, as compared with
early stages of malignancy. Gastrointestinal manifestations of anorexia, nausea, and
vomiting are common in association with hypercalcemia and could lead to dehydration.
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Renal involvement, manifested by polyuria and evidence of azotemia caused by dehydra-
tion, can also occur. Finally, central nervous system manifestations of weakness pro-
gressing toward psychoses, stupor, and coma can ultimately ensue. The acuteness and
severity of the hypercalcemia can, therefore, lead to life-threatening consequences if left
untreated.

4.2. Diagnosis of PTHrP-Associated HM

The biochemical abnormalities observed with PTHrP-associated HM are similar, but
usually more severe than those seen with primary hyperparathyroidism. In particular, the
hypercalcemia is generally more pronounced. Its onset is generally acute and the eleva-
tion quite marked, with serum calcium concentrations not infrequently greater than
12 mg/dL or 3 mmol/L. Hypophosphatemia, reduced renal phosphate threshold, and
increased renal tubular reabsorption of calcium are all seen, as is increased NcAMP
excretion. In view of the high filtered load of calcium resulting from bone resorption,
urinary calcium excretion might be increased.

Biochemical markers of bone resorption such as Type I collagen crosslinked
N-telopeptides and C-telopeptides or pyridinium crosslinks might also be increased
(65). In contrast, indices of bone formation such as bone-specific alkaline phosphatase
and osteocalcin might not be elevated in HM because of the suppression of formation,
whereas these indices are generally elevated in patients with primary hyperparathy-
roidism in whom formation and resorption are coupled. The most significant biochemi-
cal difference between HM and primary hyperparathyroidism, however, and a highly
useful diagnostic tool is the concentration of circulating PTH, which is elevated in
hyperparathyroidism but suppressed in HM because of hypercalcemia-induced sup-
pression of the parathyroid gland. This is particularly helpful as a tool for differential
diagnosis because of the high specificity and sensitivity of modern two-site immuno-
radiometric PTH assays.

Although occasional cases of true ectopic hyperparathyroidism have been reported,
and some tumors might cause HM via overproduction of 1,25-dihydroxyvitamin D or of
bone-resorbing cytokines (Table 1), the majority of cases of HM are associated with
increased PTHrP production. The use of PTHrP immunoassays should be the most
definitive method of diagnosing HM, because most cases of HM will be associated with
excess PTHrP secretion. However, the three isoforms of PTHrP appear to undergo com-
plicated posttranslational processing in the tumor cell of origin (66,67) and secreted
metabolites may undergo differential metabolic clearance once secreted. As a result of
the complexity of this process, multiple forms of bioactive PTHrP have been identified
in the plasma of hypercalcemic cancer patients, and the precise character of circulating
forms remains to be determined in order to maximize the sensitivity and specificity of
PTHrP immunoassays.

In view of the fact the PTHrP bioactivity resides within the NH,-terminal domain,
initial efforts were developed using antisera directed against epitopes in this region. NH,-
terminal immunoassays measured elevated PTHrP not only in the majority of patients
with HM but also in some normocalcemic cancer patients, although mean levels in the
normocalcemic subjects were lower than in the hypercalcemic (68,69). This could reflect
the capacity of such assays to measure bioinactive as well as bioactive NH, terminal
fragments or the capacity to measure lower concentrations of PTHrP that are insufficient
to cause hypercalcemia.
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Immunoassays detecting primarily midregion and carboxyl-terminal epitopes of
PTHrP have proven to be of less value clinically in the differential diagnosis of HM (70).
Assays thatrecognize carboxyl-terminal fragments might show elevated levels in patients
with renal insufficiency probably reflecting the renal clearance of such fragments rather
than their hypersecretion by tumors.

The most prevalent and useful PTHrP assays appear to be two-site immunoradio-
metric assays that employ one antibody recognizing an NH,-terminal epitope and a
second antibody recognizing a more carboxyl epitope (although generally within the
PTHrP [1-86] sequence) (71,72). These tend to be the most sensitive and specific
assays for diagnosis and for monitoring therapy. The presence of an elevated concen-
tration of PTHrP with malignancy has however been reported to portend a poor
prognosis (73).

4.3. Treatment of HM

The most urgent treatment of HM generally involves treatment of severe, acute hyper-
calcemia. Because dehydration is an inevitable consequence of the hypercalcemia, treat-
ment should initially begin with rehydration via the use of intravenous saline. Saline
infusion will expand the intravascular volume, improve the glomerular filtration rate, and
reduce proximal tubular sodium-linked calcium reabsorption. Once the patient is
adequately hydrated, therapy can be directed to inhibit bone resorption. Intravenous
bisphosphonates (zoledronic acid or pamidronate), which inhibit osteoclastic activity,
are currently the most potent antiresorptive agents and the resultant reduction in serum
calcium can last for several days to weeks (74). Nevertheless, because the onset of
calcium lowering might be delayed for 1 or 2 d, parenteral calcitonin can be concomi-
tantly administered. This peptide hormone will also directly inhibit osteoclastic action
but has a peak response at 2—4 h after administration (75).

However, tachyphylaxis could occur after repeated doses of calcitonin. An additional
approach, to rapidly reduce the serum calcium once the patient is adequately hydrated,
is to administer in moderation, a loop diuretic such as furosemide to inhibit renal calcium
reabsorption and promote calciuresis. Consequently, a treatment regimen involving ini-
tial rehydration followed by administration of calcitonin and/or furosemide (for rapidity)
and intravenous bisphosphonate (for potency) would be most efficacious in correcting
hypercalcemia.

Once the hypercalcemia has been corrected, efforts should be directed at reducing
tumor burden or at least at inhibiting PTHrP production and action. A variety of
approaches have been used with reasonable success to inhibit PTHrP production in
animal models, including farnesyl transferase inhibitors to diminish growth factor
mediated production (76), furin inhibitors to diminish PTHrP processing from its inert
prohormone form to the mature bioactive form (77), and low calcemic vitamin D analogs
to suppress PTHrP gene expression (78) (Fig. 2). None of these approaches have yet
reached the clinic for application in humans. Antibodies to PTHrP have also been used
in animal models with success (46, 79) and have undergone early clinical trials in humans
(80). Finally, because the RANKL-RANK pathway represents a final common pathway
forbone resorptioninduced by PTHrP as well as by other stimulators of osteoclastogenesis
thatmight bereleased by tumors (including a variety of cytokines), considerable attention
is being paid to the development of inhibitors of this system (87), including OPG analogs,
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RANKL production inhibitors, RANK antagonists, and inhibitors of the RANK signal-
ing pathway.

Even when hypercalcemia has not occurred, in view of the apparent role of PTHrP in
stimulating ostoeclastic bone resorption adjacent to some skeletal metastases, consider-
able attention is being paid to inhibiting osteoclast production and activity (80), both by
antagonizing PTHrP (87) and by employing bisphosphonates (82) or components of the
RANKL-RANK-OPG pathway. This approach to altering the bone microenvironment
appears to reduce the number of metastases and the untoward events related to metastases
and is being assessed in virtually all skeletal metastatic disease. Indeed, it has become the
standard of care in metastatic breast cancer.

5. CONCLUSION

The discovery of PTHrP has led to improved understanding of the molecular basis of
HM-—particularly HM occurring in the absence of significant skeletal metastasis but also
HM induced by some tumors metastasizing to bone. This has led to improved ability to
diagnose this condition and could ultimately lead to effective therapies to reduce PTHrP
production and action both to prevent hypercalcemia and to control malignancies where
PTHrP might play a growth-promoting role.
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1. INTRODUCTION

Vitamin D is a pro-hormone with a wide variety of biological actions once converted
to its biologically active compound 1,25-dihydroxyvitamin D5 [1,25(OH),D5]. Its clas-
sical effect in the prevention and treatment of rickets has been known for over a century
(1). More recently, nonclassical actions of vitamin D have been recognized and, in
particular, its potent action on the proliferation and differentiation of a variety of cells,
including normal and malignant cells (2). In this chapter, we first review the biological
effects of vitamin D. We then describe the structure and functions of a variety of vitamin
D analogs. Finally, we give a detailed description of the many studies that investigated
the activity and the mechanism of the effect of vitamin D analogs in tumor growth and
metastasis.

2. BIOLOGICAL ACTIONS OF VITAMIN D

2.1. Synthesis, Transport, and Metabolism

1,25-Dihydroxyvitamin D5, the biologically active metabolite of vitamin D3, is a fat-
soluble secosteroid molecule generated nonenzymatically from 7-dehydrocholesterol
in the human epidermis by radiation with ultraviolet (UV) light (3). Vitamin Dy is
biologically inert in vitro, and requires a series of successive hydroxylations to be active
in vivo (4). Vitamin D; circulating in the blood is either taken up immediately by adipose
tissue for storage or by the liver for metabolism. The initial step in the activation of
vitamin D5 is hydroxylation at C-25 to produce 25-hydroxyvitamin D; [25(OH)Ds].
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25(0OH)D; is the most abundant metabolite of vitamin D5 and its levels fluctuate with
the seasons, the highest during the summer months. Vitamin D5 25-hydroxylase activity
is present in the mitochondrial fractions of the liver, the principal site of 25-hydroxy-
lationin vivo (5). The 25(OH)D; 1a-hydroxylase represents the most important enzyme
in determining the level of 1,25(OH),D;. This enzyme catalyzes the hydroxylation of
25(0OH)D; on the lo-position to produce the biologically active 1,25(OH),D5. The
major site of 1o-hydroxylation is the renal proximal tubule (6). However, 10-hydroxy-
lase activity has also been detected at several extrarenal sites, most notably in
keratinocytes and activated macrophages (7). 1o-Hydroxylase activity is downregulated
by 1,25(0OH), D3, amechanism that prevents its overproduction and, potentially, vitamin
D intoxication.

In humans, the normal circulating concentration of 1,25(OH),Dj5 is approx 1000-fold
less than 25(OH)D5 (8). Vitamin D in the circulation is complexed with a 55-kDa
o-globulin synthesized in the liver, known as the vitamin D-binding protein or trans-
calciferin (DBP). This transport protein has a single, high-affinity site that binds vitamin
D and all of its metabolites; however, it has a higher affinity for 25(OH)D5 and
24,25(0OH),D; than for 1,25(0OH),D5 (9). This strong affinity of 25(OH)D; for the DBP
in the blood might also facilitate access of the biologically active 1,25(OH),D; into target
cells (10). Under normal conditions, only 5% of the vitamin D-binding sites on DBP are
occupied because the concentration of the protein in the plasma is in large excess of the
concentration of vitamin D and its metabolites (/7).

Both 25(OH)D; and 1,25(0OH),D5 are subject to hydroxylation at C-24, producing
24,25(0H),D5 and 1,24,25(0H);D5, respectively. 24,25(OH),D; is the second most
abundant circulating metabolite of vitamin D3, and under normal circumstances in
humans, its serum concentration is approx 10-fold less than 25(OH)D; (/2). The princi-
pal site of 24-hydroxylation is the renal tubular cells; however, 24-hydroxylase activity
is not confined to the kidney. Extrarenal locations of 24-hydroxylase activity include the
intestine and bone (/3—15). Introduction of a hydroxyl group at C-24 renders the mol-
ecules susceptible to side-chain cleavage and oxidation, indicating that 24-hydroxylation
initiates a pathway for the degradation and elimination of vitamin D5 and its metabolites
(16). The activity of 24-hydroxylase was found to be upregulated by 1,25(OH),D;, a
feedback mechanism that could prevent 1,25(0OH),D; intoxication (/7).

Other vitamin D metabolites include 25,26-dihydroxyvitamin D5, 25(OH)D5-26,23-
lactone, and 23-oxo-1,25(OH),D5 (18). The physiological role, if any, of these metabo-
lites remains uncertain.

2.2. Physiological Actions of 1,25(0OH )ZD3

The traditional action of 1,25(OH),Dj; is to maintain calcium and phosphate homeo-
stasis to ensure the deposition of bone mineral. The plasma calcium concentration is
tightly controlled in humans (/9) and 1,25(OH),D; plays an important role in mammalian
calcium homeostasis mainly through its actions on the skeleton and the intestine.
1,25(OH),D; stimulates intestinal calcium and phosphate absorption, bone calcium and
phosphate resorption, and renal calcium and phosphate reabsorption, thus increasing the
serum calcium and phosphate ion concentration.

In addition to the classic actions of 1,25(OH),D5 on mineral homeostasis, this hor-
mone also has the ability to regulate the growth and differentiation of several cell types.
1,25(0OH),D; induces differentiation of HL-60 cells, a human leukemia cell line, into
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macrophage-like cells (20). 1,25(0OH),D; also stimulates the progression of basal epi-
dermal keratinocytes into mature keratinocytes and is important in the formation of the
multinucleated osteoclast in bone marrow cultures (217,22).

Some of the most interesting targets for 1,25(OH),D; action are the immune system
and skin. This hormone functions to suppress the immune system, especially T-cell-
mediated immune responses such as delayed hypersensitivity (23). This has led to the
suggestion that vitamin D might have a therapeutic potential in organ transplants or the
treatment of autoimmune disorders, including multiple sclerosis, lupus erythematosis,
autoimmune thyroiditis, and autoimmune diabetes (24-27).

Recent experiments have identified human keratinocytes as an interesting alternate
source for 1,25(OH),D5 production. In addition to producing previtamin D5 from 7-dehy-
drocholesterol, keratinocytes are also able to produce the biologically active metabolite,
1,25(0H),D5 (28). Furthermore, the skin is well established as a target tissue for
1,25(OH),D; because it expresses the vitamin D receptor (29). Recently, it was shown
that this steroid, therefore, has the potential to act on epidermal cells in an autocrine
manner (30). Keratinocytes respond to 1,25(OH),D; by changes in proliferation and
differentiation. When cultured human keratinocytes are incubated with 1,25(OH),Ds,
this hormone inhibits their proliferation and induces them to terminally differentiate
(31,32). Cultured normal keratinocytes respond to concentrations of 1,25(OH),D5 as low
as 10719 M, a range that is physiologically relevant (32).

c-myc is one of the key players in the control of cell proliferation and is required for
normal cell growth (33). In fact, the addition of growth factors to quiescent cells in culture
results in the immediate induction of c-myc mRNA and, therefore, cell proliferation (34).
However, treatment of human keratinocytes with 1,25(0OH),Dj; results in growth inhibi-
tion preceded by a marked inhibition of c-myc mRNA (35,36). Therefore, 1,25(OH),D;
is an important negative regulator of keratinocyte cell growth.

Calcium has been shown to attenuate cell proliferation and stimulate differentiation.
In culture, keratinocytes in low calcium concentrations (0.03 mM) do not differentiate
and resemble basal epidermal cells. Increasing the extracellular calcium concentration
above 0.1 mM induces keratinocyte differentiation (37). Keratinocytes in culture in the
presence of high calcium concentrations for several days begin to express proteins
necessary for differentiation, such as transglutaminase, the calcium-dependent enzyme
responsible for crosslinking the proteins of the cornified envelope to form a structure
containing keratin fibers (38), and involucrin, a marker of keratinocyte differentiation
(39). These effects are supported by the in vivo finding that there is a gradient of increas-
ing intracellular calcium concentration from the basal layers of the epidermis to the
progressively differentiated outer layers (40).

Several studies indicate that 1,25(OH),D; potentiates the effect of calcium on
keratinocyte proliferation and differentiation. At low calcium concentration,
1,25(OH),D; exerts a growth-inhibitory action in normal human keratinocytes. How-
ever, 1.0 mM Ca** in combination with 1,25(OH),D; produces a synergistic effect and
completely abolishes cell division (3/). Both calcium and 1,25(OH),D; enhance the
formation of morphological features associated with terminal differentiation of epider-
mal keratinocytes in culture (32). Involucrin mRNA expression is an excellent marker of
keratinocyte differentiation, and both calcium and 1,25(OH),D5 strongly stimulate
involucrin expression in keratinocytes in culture (3/,417). The stimulation of involucrin
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mRNA levels is potentiated within the first 24 h of exposure of the keratinocytes to
1,25(0OH),D5 and an increase in the calcium concentration (42). Hence, 1,25(OH),D; and
calcium act in concert to control the cell growth and differentiation of normal human
epidermal keratinocytes.

2.3. Mechanism of Action of Vitamin D

Most of the actions induced by 1,25(OH),D; are mediated through the nuclear vitamin
D receptor, which binds to vitamin D response elements in the regulatory regions of
1,25(OH),D; target genes. Activation of genomic pathways after 1,25(OH),D; binding
to its nuclear receptor leads to the modulation of gene expression as either an increase or
decrease of a target gene product (Fig. 1). These genomic effects include the majority,
if not all, of the known effects of 1,25(OH),D5.

In addition to its effect on gene regulation through the nuclear vitamin D receptor
(VDR), it has become evident that 1,25(OH),D; can also exert its action on target cells
through nongenomic mechanisms (43). The genomic pathways mediated by nuclear
hormone receptors are relatively slow, occurring in hours or days, whereas in the case
of a nongenomic effect, a physiological response can be observed in milliseconds to
minutes following administration of the hormone. The non-genomic effects of
1,25(0OH),D; include the stimulation of calcium influx through voltage-sensitive Ca>*
channels, release of calcium from intracellular stores, induction of phosphorylation
cascades, and phospholipids turnover leading to the release of calcium (44).

VDR is amember of the nuclear receptor superfamily, a large family of transcriptional
regulators that mediate development, differentiation, and physiological responses to
lipophilic hormones, including steroids, thyroid hormones, retinoids, and vitamin D;
(45). These hormones easily traverse the cell membrane and bind to their specific intra-
cellular nuclear receptors, which function by recognizing specific DNA sequences in the
promoter elements of target genes known as response elements. Nuclear receptors func-
tion to modulate the transcription of target genes (46). Activation of nuclear receptor
target genes requires binding of the receptor to specific DNA response elements. The core
motif of a nuclear receptor response element is a 6-basepair (bp) recognition sequence,
or half-site, arranged into direct or inverted repeats (47). Furthermore, the spacing of the
two half-sites of the DNA response element is important for the specificity of nuclear
receptor binding.

The nuclear receptors have been divided into several subfamilies (48): the steroid
receptors, which function as homodimers and bind the DNA response elements in the
form of pseudopalindromic inverted repeats; the nonsteroid receptors such as the VDR,
which function as heterodimers with the retinoid X receptor (RXR) and bind to DNA
response elements in the form of direct repeats; the orphan receptors, which are receptors
with no known ligands and bind to DNA as heterodimers with the RXR or as monomers.
The DNA response elements reflect the manner of receptor interaction as heterodimers,
homodimers, or monomers.

The nuclear receptor superfamily exhibits a conserved structure with several domains
(Fig. 2) (49). The amino-terminal A/B region is greatly variable among the nuclear
receptors. The function of this region is not yet fully elucidated; however, it often
possesses a ligand-independent transactivation function, called AF-1. The C region is
responsible for DNA recognition and binding and is the most highly conserved region
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Fig. 1. Mechanism of action of 1,25(OH),D; and analogs and targeting of cell growth and parathy-
roid hormone-related peptide (PTHrP) expression. Following the delivery of 1,25(OH),D; or its
analogs to target cells, binding to the vitamin D receptor (VDR) occurs and induces conforma-
tional changes and heterodimerization with retinoid X receptor (RXR). The heterodimeric com-
plex binds to the promoter regions of target genes through discrete elements called vitamin D
responsive elements (VDRE:s). This process triggers the release of corepressor(s) and the binding
of coactivator(s) to the complex and activates or represses the transcriptional machinery. Vitamin
D response can be elicited by the active form of vitamin D (1,25(0OH),D3) or 1a-hydroxylated
analogs but also by the local conversion of 250HD; to 1,25(0OH),D; regulated by intracellular
activation of lo-hydroxylase. Shown are the downstream targets of 1,25(OH),D; or analogs such
as cell cycle regulators and the malignancy-associated hypercalcemia mediator, PTHrP.

among the nuclear receptors. The hinge region, or D domain, whose function remains
unclear, is highly variable between the different nuclear receptors, whereas the highly
conserved E domain is responsible for ligand binding, dimerization, and transactivation
(50). Furthermore, the E region contains the ligand-dependent activation function called
AF-2, which has been shown to be essential for interaction with coactivators, a bridge
to the transcriptional machinery (50). The function of the hypervariable Fregion, if any,
remains elusive (51).

In addition to the VDR, the nonsteroid receptors that heterodimerize to bind to DNA
include the thyroid hormone receptor (TR), retinoic acid receptor (RAR), and the peroxi-
some proliferator-activated receptor (PPAR). It has been shown that RXR binds to the 5'
half-site of the DNA response element and the other nuclear receptors that heterodimerize
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Fig. 2. Molecular structure of nuclear receptors and MAPK consensus sequences and phosphory-
lation of the RXR. The nuclear receptor superfamily structure is shown in (A). The aminoterminal
region A/B is highly variable among nuclear receptors. The C region is responsible for DNA
recognition and binding and is the most highly conserved among receptors. The hinge region, or
D domain, is highly variable between receptors and its function unclear. The highly conserved E
domainisresponsible for ligand binding, dimerization, and transactivation and contains the ligand-
dependent activation function AF-2, which is essential for coactivator interaction. The F domain
is highly variable and its function is largely unknown. (B) Localization of MAPK consensus
sequences within the RXR and the phosphorylation site at ser260 located in the E domain in close
proximity to coactivators interaction.

with RXR are able to recognize and interact with unique DNA response elements. Protein
dimerization results in the formation of novel heterodimeric complexes that coopera-
tively bind to DNA with precise target sequence specificity. Subtle differences in the six
nucleotide consensus half-site and the spacing between the half-sites confers response
element discrimination. The DNA response elements for RXR heterodimers with the
PPAR, RAR, VDR, and TR are composed of direct repeats spaced by one, two, three, or
four nucleotides, respectively. The RXR-RAR heterodimer is also able to bind to a direct
repeat (DR) spaced by five nucleotides (52-56).

The human vitamin D receptor is a 427-amino acid protein organized into several
domains, like the other members of the nuclear receptor superfamily (57). The 20-amino
acid A/B domain s truncated and no function has been attributed to thisregion in the VDR
(45). The E domain is responsible for high-affinity ligand binding as well as coactivator
interaction and heterodimerization with RXR. Heterodimerization with RXR is required
in order for the VDR to efficiently bind DNA (58). The E domain of VDR contains nine
hydrophobic heptad repeats critical for this heterodimerization (59). Experiments have
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demonstrated that mutations within the fourth heptad repeat (amino acids 325-332) and
the ninth heptad repeat (amino acids 392—402) of the VDR abrogate VDR-RXR complex
formation (60).

Three isoforms of RXR have been identified: RXRo, RXR[, and RXRy(67). VDR is
capable of forming heterodimers with each RXR isoform, and each heterodimer can
subsequently bind vitamin D response elements in DNA. However, only RXRo and
RXRYy are capable of mediating VDR-induced transactivation (62). The three RXR
isoforms are present in both unique and overlapping expression patterns. Tissue distri-
bution of both RXRo and RXR[ expression is widespread, including the liver, kidney,
lung, and spleen. Distribution of RXRY is much more restricted with strong expression
in the heart and muscle. The adult human epidermis and keratinocytes express high levels
of only the RXRa isoform (61).

2.3.1. VitaMIN D RESPONSE ELEMENTS AND TRANSCRIPTION

Activation of vitamin D5 target genes requires that the VDR—-RXR heterodimerization
complex binds to specific DNA sequences called vitamin D response elements (VDREs)
in the promoter regions of these genes. Binding of the heterodimers to the response
element induces a bend in the DNA of the promoter (63). It is thought that this DNA
bending facilitates and stabilizes the recruitment of the various components of the
pre-initiation complex by positioning the receptor complex in the proximity of other
transcription factors. However, the precise role of DNA bending in the regulation of
transcription remains elusive.

Several positive and negative VDREs have been identified in 1,25(OH),D; target
genes that mediate transcriptional stimulation or repression, respectively. Genes known
to be transcriptionally activated by 1,25(OH),D5 include rat and human osteoclacin,
mouse osteopontin, and rat 24-hydroxylase (54,64-66). The positive recognition site in
the DNA of 1,25(OH),D; responsive genes is a DR3 which interacts with the VDR-RXR
complex where the 5’-half-site is occupied by RXR (67). In contrast, some genes are
negatively controlled at the level of transcription by 1,25(OH),D;, including mouse
osteoclacin, human parathyroid hormone (PTH), and rat PTHrP (68,69). The functional
features of the VDRE that dictate whether it mediates transactivation or transrepression
are still elusive.

The natural ligand for RXR, 9-cis retinoic acid, represents an additional level of control
over RXR-containing heterodimers. Combination studies of 9-cis retinoic acid and
1,25(0OH),D5 have produced a myriad of results, including antagonistic, additive, and
synergistic effects. The antagonistic effect was demonstrated through the attenuation of
1,25(0OH),D5-induced activation of the rat osteocalcin gene by 9-cis retinoic acid. Further-
more, this study established that 9-cis retinoic acid inhibited DNA binding of the VDR—
RXR heterodimer, as well as transcription from a vitamin D response element-containing
reporter construct (70). The mechanism of antagonism by 9-cis retinoic acid in this rat
osteocalcin system is thought to involve the diversion of RXR favoring the formation of
retinoid-occupied RXR homodimers (71). The additive effect of 9-cis retinoic acid on the
growth inhibitory action of 1,25(OH),D; has been demonstrated in human pancreatic
carcinoma (Capan) cells and colon carcinoma (Caco-2) cells (72,73). The synergistic
effect of the combination of these ligands was demonstrated through the enhanced accu-
mulation of 24-hydroxylase mRNA in human skin (74), as well as the growth inhibition
of LNCaP prostate cancer cells (75).
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2.3.2. CoACTIVATORS AND COREPRESSORS

The mechanism by which nuclear receptors activate or repress gene transcription is
quickly coming into focus. Considerable evidence has shown that nuclear receptors work
through complexing with proteins known as nuclear receptor coactivators and corepres-
sors. Initial evidence for the existence of such proteins came from experiments where
different receptors interfered with each other’s transactivation capacity by competing for
essential, limiting factors (76).

Recently, numerous coactivators and corepressors have been cloned and character-
ized that interact with the nuclear receptors and enhance their capacity to modulate
target genes. Several classes of coactivator have been described that capable of inter-
acting with the VDR (Fig. 1) and include SRC/p160, NCOA-62/Ski interacting protein
(SKIP) and vitamin D receptor interacting protein (DRIP). Among SRC/p160
coactivators, steroid receptor coactivator (SRC-1) was identified through the use of the
yeast two-hybrid system using the progesterone receptor as bait (77). SRC-1 enhances
ligand-dependent transactivaton by the GR, ER, RXR, VDR, and TR by up to 10-fold
(77). Most coactivators, including SRC-1, interact with nuclear receptors via the highly
conserved activation function (AF-2) domain, an amphipathic o-helix identified in the
C-terminal region E of transcriptionally active members of the nuclear receptor super-
family (78-80). Other SRC/p160 coactivators include SRC-2 and are also known as
TIF2 or GRIP-1 and SRC-3 also known as PCIP or ACTR.

Binding of the ligand to a nuclear receptor induces a conformational change in the AF-
2 domain, allowing it to interact with SRC-1 and other coactivators, which form a bridge
to other components of the transcriptional machinery (8/). Experiments have shown that
the AF-2 domain of VDR is critical for 1,25(OH),D5-dependent transactivation and
1,25(OH),D5-dependent coactivator interaction. VDR mutants lacking the C-terminal
AF-2 domain were transcriptionally inactive and unable to bind SRC-1 (81). Further-
more, deletion of the AF-2 domain of RAR, ER, or TR abolishes ligand-dependent
transcription (78,79,82). SRC/p160 coactivators possess intrinsic histone acetyl trans-
ferase (HAT) activity, which remodels chromatin.

Incontrastto SRC/p160, SKIP does not interact with AF-2 but, instead, forms a ternary
complex with VDR and SRC/p160 coactivators (83). SKIP does not have intrinsic HAT
activity. The DRIP complex was recently described as a new class of coactivators and
binds VDR in a ligand-dependent manner at the AF domain in the ligand-binding region
(84). Among the DRIP subunits, DRIP205 seems to play a critical role in VDR
transactivation by allowing the recruitment of the basal transcriptional machinery fol-
lowing chromatin remodeling by HAT (85).

Two transcriptional corepressors have been identified that associate with unliganded
receptors, leading to the suppression of basal transcription, the silencing mediator for
retinoid and thyroid hormone receptors (SMRT) and the nuclear receptor corepressor
(N-CoR) (86,87). Hormone binding causes the dissociation of corepressors, allowing
for the recruitment of positive factors and transactivation (88,89).

Although 1,25(0OH),D; is a potent calcemic agent capable of the correction of hypo-
calcemia and bone abnormalities resulting from vitamin D deficiency, the therapeutic
potential of this hormone is limited because of hypercalcemic side effects thought to be
mediated via these nongenomic pathways (90).
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3. VITAMIN D ANALOGS

The emergence of neoclassical functions of vitamin D, such as its role in controlling
cell proliferation and differentiation, led to the indication that patients with psoriasis and
other hyperproliferative disorders could benefit from biologically active vitamin D prepa-
rations. Analogs that activate or block specific genomic effects of 1,25(OH),D; with less
calcemic effects could offer improved therapeutic potential over 1,25(OH),D; by caus-
ing fewer undesirable side effects, such as hypercalcemia and hypercalciuria (97). Con-
sequently, the chemical synthesis of new analogs of 1,25(OH),D; where the calcemic
properties could be separated from the antiproliferative cell-differentiating properties
has been an intensive area of investigation in recent years (90).

3.1. Structure

Structural modification of the parent hormone 1,25(OH),D; include (1) modification
of the A-ring, (2) modification of the side chain, and (3) deletion of the C- and D-rings
(nonsteroidal analogs).

3.1.1. MoODIFICATION OF THE A-RING

The A-ring plays a critical role in vitamin D action because of the presence of two
crucial hydroxyl sites at positions 1 and 3. Modifications of the A-ring at position 2 lead
to substantial changes in biological properties of vitamin D. Addition of a 20-(3-
hydroxypropyl) group enhances both VDR binding and the antiproliferative action of this
compound at the expense of a sharp fivefold increase in its calcemic activity (92). In
contrast, the 2a-(3-hydroxypropyl) analog has a reduced binding to the VDR, a reduced
antiproliferative effect, and a 100-fold reduction in calcemic activity (92).

3.1.2. MODIFICATION OF THE SIDE CHAIN

1. Gemini Analogs: RO27-2310 is a 1,25(0OH),D; analog with two identical side chains
attached to carbon 20 and is 100-fold more potent than 1,25(OH),Dj in inhibiting cell
growth of several cancer cell lines (93). A closely related analog, RO27-5646 or 19 non-
Gemini, is at least 400-fold more potent than the parent Gemini analog as assessed by
growth inhibition of leukemic cells (94).

2. 20 epi Analogs: EB1213 and GS1500 are characterized by an aromatic ring in the side
chain at position 20, and because of a strong antiproliferative effect on keratinocytes,
they might find future applications in the treatment of psoriasis (95). KH1060 is another
20 epi analog with potent immunosuppressive effect with antirejection properties
on skin and renal allografts (96,97). Additionally, the combination of 2a-methyl and
20-epimerization results in very potent differentiating effect on leukemic cells (98).

3. 19 Nor-analogs: These are characterized by modifications of the B-ring and the side
chain. TX522[19-non-14-epi-23-yne-1025(OH), D3] and TX527 [19-non-14,20-bisepi-
23-yne-1025(0H),D;] are 10-60 times more potent than 1,25(0OH),D5 in inhibiting
tumor growth in vitro and in vivo while having less or comparable calcemic activity,
making them potentially interesting compounds in the treatment of cancer (99).

4. Other Side Chain Analogs: EB1089 possesses dimethyl groups and two double bonds at
positions 26 and 27 and possesses strong antitumor effects both in vitro (/00) and in vivo
(101-104), including an inhibitory effect on the metastatic spread in lungs (101,105).
22-oxa 10,25(0OH), D5 is also a potent antiproliferative agent both in vitro (106, 107) and
in vivo in breast cancer models (/08) and pancreatic cancer (109).



38 Part I / Fundamental Concepts

3.3.3. DELETION OF THE C- AND D-RINGS AND OTHER NONSTEROIDAL ANALOGS

The first class of these nonsteroidal analogs are characterized by the absence of normal
C- and D-rings, which are replaced by a five-membered ring called the E-ring. Belonging
to this group are the KS and CD analogs (//0). KS291 is equipotent to 1,25(OH),D; in
inhibiting cell growth but has at least 100-fold less calcemic activity than 1,25(OH),D5.

Other nonsteroidal analogs were discovered by screening combinatorial chemistry
libraries and belong to a group known as bis-phenyl derivatives or LG analogs. They are
characterized by low calcemic activities and potent antitumor effects both in vitro and in
vivo (111,112). Interestingly, despite their nonsteroidal structure, they bind with high
affinity and specificity to the VDR but have very low affinity for the DBP.

3.2. Mechanism of Action of Vitamin D Analogs

The precise mechanism(s) of action of vitamin D analogs is not yet fully understood
but likely involves a combination of actions targeting the vitamin D signaling pathway.
First, several studies indicate that most of these analogs bind to the DBP (Fig. 1) with less
affinity than the parent molecule 1,25(OH),D5 (113), thus increasing the bioavailability
of the free form in target tissues. The analog then enters the cell, activates a number of
key elements, and is also metabolized into inactive compounds (/14,115). Several stud-
ies indicate that upon binding to the VDR, these vitamin D analogs enhance the stability
of the VDR (116) and perhaps that of the VDR-RXR complex better than the parent
compound 1,25(OH),D;, resulting in an increased transactivating activity on target genes.
Interestingly, this improved transactivating capacity seems independent of the binding
affinity of the analogs to the VDR because the majority of these compounds bind with less
affinity to the VDR than 1,25(OH),D5 (117,118). Finally, recent studies (/18,119) indi-
cate that the biological activity of several 20-epi analogs correlates well with the recruit-
ment of the coactivator DRIP205 (85) or, alternatively, the 22-oxa 1¢,25(0OH),D;
selectively induces the recruitment of TIF-2 (/20), indicating that selective recruitment
of coactivators might direct the biological potency of these compounds.

4. VITAMIN D, VITAMIN D ANALOGS, AND CANCER

The relationship between the vitamin D system and cancer was first noted in studies
showing the induction of differentiation and suppression of growth of leukemia cells by
vitamin D (/217). Since then, many studies have tried to determine a pathophysiological
link between vitamin D and several types of cancer as well as evaluating the potency of
1,25(OH),D;, its precursors, or its analogs in a wide variety of cancer types.

Perhaps one of the most intriguing and still unresolved aspects of this relationship
between vitamin D and cancer is the result of several epidemiological studies linking
vitamin D directly or indirectly to cancer development and/or survival. Earlier studies
suggested an association between endogenous vitamin D production and carcinogenesis
after discovering an inverse relationship between average sunlight exposure and the
incidence/mortality of breast, colon, and prostate cancer in the United States, Canada,
and the former Soviet Union (/22-125). These studies suggested that vitamin D defi-
ciency or alow vitamin D status was a major determinant in cancer risk/mortality in areas
where a decrease of UV exposure is found, because UV is necessary to the synthesis of
vitamin D by the skin. This hypothesis was supported by some but not all prospective
studies aimed at determining an association between vitamin D levels in the blood of
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individuals and cancer risk (/26-129). Interestingly, in several studies, levels of the
precursor 25(OH)D; had a better predictive value on cancer risk than the active metabo-
lite 1,25(0OH),D5 (130,131) suggesting that other metabolites or local conversion of
25(0OH)D; to 1,25(0OH),D; might play a major role in cancer development. Indeed, we
have recently shown that 1oi-hydroxylase activity in ras—transformed human keratinocyte
contributes to tumor growth inhibition in vivo via a unique autocrine system in which
tumor cells supply their own 1,25(OH),D; active metabolite from its inactive precursor
25(OH)D; (Fig. 1) (132).

The potent antiproliferative effect of 1,25(OH),D; was demonstrated in many cancer cell
types in vitro, including breast, prostate, colon, skin, leukemia, and melanoma
(36,104,121,133—137) and its antitumoral effect in a number of in vivo models (Table 1).
However, the clinical usefulness of using 1,25(OH),D5 in human subjects is severely limited
by its well-known hypercalcemic and hypercalciuric side effects (/38). Furthermore, malig-
nancy is often associated with hypercalcemia and, therefore, could preclude the use of
1,25(OH),D; in this setting (/39). Consequently, the search of potent vitamin D analogs with
lesser calcemic/calciuric side effects but with superior antiproliferative and prodifferentiating
activities has been very active and resulted in the synthesis of many compounds that have
antitumoral effecting in animal models representing various types of cancer (Table 1).

4.1. Mechanism of Vitamin D Antitumor Effect:
Genomic vs Nongenomic Effects

Itis likely that most of the effect observed with 1,25(OH),D; and its analogs are VDR-
mediated. Mammalian VDRs have been located in numerous tissues, including the intes-
tine, kidney, skin, bone, hematopoietic cells, brain, and breast (/64). VDRs have equally
been found in various malignant cell lines (/65). The presence of VDR in malignant
tissue may be a prognostic indicator in patients with breast cancer, as VDR-positive
breast cancer patients have a better prognosis than patients with VDR-negative tumors
(166). VDR expression/concentration is also regulated by a number of factors through
transcriptional regulation in its promoter regions and by 1,25(OH),D5;-dependent stabi-
lization of the ligand-receptor complex (167,168). Furthermore, VDR activity itself
depends on phosphorylation at specific sites, which results in either upregulation or
downregulation of its activity (169). Adding to the complexity of the regulatory process
is the recent discovery of a new isoform of the VDR that might have specific biological
actions (170).

As indicated earlier (Section 2.3.), the VDR transcriptional activation occurs follow-
ing its binding to RXR and it is the 1,25(OH),D;—~VDR-RXR heterodimer complex,
which acts as the signal transducer of vitamin D actions. RXR ligands can, therefore, add
another level of control to this transcriptional machinery. Indeed, it has been shown that
specific RXR ligands, also called retinoids, have a synergistic effect on 1,25(OH),D;
mediated transcription (/7). In contrast, 9-cis retinoic acid, which can bind both RAR
and RXR tends to inhibit 1,25(OH),D;-mediated transactivation by scavenging RXR
receptors from the VDR-RXR complex to the RAR-RXR complex (/72). In addition,
several isoforms of RXR exist (o, B, and ) and can interact with the VDR to further refine
the regulation of VDR signaling. RXRa has been implicated in directing VDR-mediated
hair follicle and keratinocyte growth and differentiation (/73), whereas RXRyappears to
be essential for VDR-mediated growth plate development (/74).
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Table 1
Anticancer Effect of 1,25(OH)_D 5 and Its Analogs
in Various Animalzl\/lodels

Effect Type of cancer (ref.)
1,25(OH)2D3
Tumor growth Breast (140)
Prostate (141)
Renal (142)
Squamous (skin) (143)
Metastasis Prostate (lung) (141)
Survival Myeloid leukemia (/44)
Renal (142)
Analogs
10cOHD
Tumor growth Renal (142)
Metastasis Hepatoma (145)
Survival Renal (142)
EB1089
Tumor growth Breast (146,147)
Colon (102,148)
Leydig tumor (149)
Melanoma (104)

Metastasis
Survival

RO 23-7553
Tumor growth

Survival

RO 25-6760
Tumor growth

RO 24-5531
Tumor growth

OCT [22-0xa-1,25(0H).D. ]

Tumor growth

250HD,
Tumor growth

Pancreatic (156)
Prostate (151)
Squamous (skin) (152)

Breast (skeletal) (105)
Prostate (lung) (101)

Breast (105)
Leydig tumor (149)

Prostate (153)
Retinoblastoma (153)
Squamous (skin) (155)
Leukemia (156)

Colon (157)
Prostate (141)

Breast (158)
Colon (159)
Prostate (160)

Colon (161)
Pancreatic (109)

Prostate (162,163)
Squamous (skin) (132)
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As indicated earlier (Section 2.3.), the transcriptional machinery is activated/repressed
following binding of the ligand(s)-VDR-RXR complex to small sequences of DNA in the
promoter region of target genes called vitamin D responsive elements (VDREs) (Fig. 1)
(175). Several types of VDRE exist, including a direct repeat-3 spacing nucleotide (DR3)
(176,177), DR4, DR6, and an inverted palindrome-9 spacing nucleotides (IP9).
1,25(0OH),Dj; can trigger interaction with any of these VDRESs (/78), whereas the vitamin
D analog EB1089 preferentially triggers VDR—RXR binding to an IP-9 VDRE (/79) and
other analogs preferentially stimulate the interaction with DR3-VDREs (780).
1,25(0OH),D; trans-repression of the cancer-associated hypercalcemic gene PTHrP also
occurs through VDRE interaction, but its mechanism might be more complex because
the putative 1,25(OH),D;-mediated repression sequence overlaps with a growth-factor-
mediated stimulatory sequence identified in the rat PTHrP promoter (/817). Furthermore,
the human PTHrP VDRE (/82) recognizes a VDR homodimer complex similar to PTH-
VDRE (/83) in contrast to the rat PTHrP VDRE, which recognizes a classical DR3 VDR-
RXR complex (68).

Coactivators/corepressors interacting with the VDR—-RXR complex might also modu-
late 1,25(OH),D; and its analogs activity in cancer cells. Indeed, it has been reported that
coactivators/corepressors are either underexpressed or overexpressed in certain cancer
cell types (184—188) and it remains to be determined if such alterations affect vitamin D
action in certain types of cancer. In this case, analogs that promote specific coactivator
interaction such as 20-epi analogs (/19) could be selected to target specific cancer types.

Finally 1,25(OH),D; and its analogs might affect cancer cells by mechanism(s) inde-
pendent of transcription, the so-called rapid nongenomic effects. Such effects appear to
be mediated either by a new membrane receptor for 1,25(OH),D; (189) or by the VDR
itself localized near or on the cell membrane (/90). Interestingly, these nongenomic
effects include the opening of calcium and chloride channels and the activation of intra-
cellular signaling molecules such as protein kinase C and the Ras—Raf-MAPKinase
pathway (191).1,25(OH),D5 can alsoinhibit the INK signaling pathway probably through
a nongenomic effect (/92).

4.2. Vitamin D Resistance

Drug resistance is a common occurrence in many cancer therapeutic strategies and is
known to occur with 1,25(OH),D;. Ras-transformed keratinocytes are not only resistant
to the growth inhibitory effect of 1,25(OH),D; and its analogs (36,/36) but also to
1,25(0OH),D5/analogs-mediated PTHrP repression (/36,7193). Unlike normal human
keratinocytes, ras-transformed keratinocytes are partially resistant to the growth inhibi-
tory action of 1,25(OH),D; or its analogs secondary to phosphorylation of hRXRo on
ser260 (Fig. 2) (194,195). Phosphorylation of hRXRa in ras-transformed keratinocytes
is mediated through overexpression of the ras oncoprotein, leading to activation of the
Ras—Raf-MAPKinase cascade. Because RXR heterodimerizes with other nuclear recep-
tors otherthan VDR, including RAR, TR, PPAR, and RXR itself, the possibility that RXR
phosphorylation at ser260 could also affect transcriptional and biological activity of
these heterodimeric partners was also investigated. It was demonstrated that in addition
to the inhibition of vitamin D signaling, phosphorylation of hRXRa or ser260 caused a
similar resistance to the growth inhibitory effect of LG1069, an RXR-specific ligand
(194), transretinoic acid, and 9-cis retinoic acid (Fig. 3) (196).
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Fig. 3. Ras—Raf-MAPKinase pathway activation and downstream effect of RXR interaction with
its heterodimeric partners. Ras targets Raf, which then phosphorylates and activates MAPKinase,
a dual-specification kinase directly responsible for the phosphorylation and activation of
MAPKinase. MAPKinase then translocates to the nucleus and phosphorylates a variety of sub-
strates, including h RXRo on ser260. This phosphorylation event could affect signal transduction
through the many members of the nuclear receptor superfamily in addition to the VDR. The
MAPKinase pathway can also be activated in a ras-independent manner via protein kinase C &
(PKC 5), a target of 12-0-tetradecanolyphorbel-13-actate (TPA).
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Furthermore, this “resistance” could be reversed by treating the cells with a
nonphosphorylable ALA260 mutant hRXRa, a strategy that may find potential clinical
applications in cancer therapy in combination with specific ligands for the VDR or other
partners of the RXR (7/94). Vitamin D resistance could also occur through intracellular
catabolism of 1,25(OH),D; or its analogs. The key enzyme that directs 1,25(OH),D;
catabolism in target cells is a 24hydroxylase (CYP24) leading to the production
of calcitroic acid in target cells (16,197). Interestingly, CYP24 activity was found to be
overexpressed in ras-transformed keratinocytes as compared to the parent immortalized
nontransformed keratinocyte cell line (//4) as well as other cancer cell lines, indicating
that this mechanism could lead to early deactivation of 1,25(OH),D; or its analogs in
certain cancer cell types. Targeting CYP24 using specific inhibitors can, therefore, rep-
resent an additional therapeutic strategy in cancer given in combination with 1,25(0OH),D;
or its analogs. Several inhibitors of CYP24 have been investigated and include
ketoconazole (198), liarazole (199), as well as more powerful and selective inhibitors
named VID-400 and SDZ89-443 (200).

4.3. Effect of Vitamin D on PTHrP and on Bone Metastasis

Parathyroid hormone-related protein (PTHrP) has long been known as a paraneoplastic
hypercalcemic mediator produced by many types of cancer, especially solid tumors
(201).In addition, PTHrP produced by cancer cells exhibits growth factor-like properties
that could promote tumor growth (202—-205). Furthermore, in normocalcemic cancer
patients PTHrP enhances the ability of cancer to invade bone (206 ) and is associated with
a shorter survival in hypercalcemic cancer patients (207).

As indicated earlier, a major negative regulator of PTHrP production in vitro is
1,25(0OH),D5 (Fig. 1) (136,181,208,209). Vitamin D analogs also inhibit PTHrP production
in vitro (136,209,210). This regulation, which occurs through a 1,25(OH),D; responsive
repressor sequence located upstream of the PTHrP gene (68) is altered in ras-transformed
keratinocytes secondary to the vitamin D resistance phenomenon described in Section 3.2.
It is possible but has not yet been proven that this vitamin D resistance leads to overpro-
duction of PTHrP in vivo and, consequently, severely limits the clinical usefulness of
1,25(0OH),D; in this setting. An alternative strategy, therefore, would be to use low-
calcemic vitamin D analogs to block PTHrP production without worsening hypercalce-
mia. This strategy might be beneficial when used alone or in combination with
bisphosphonates in hypercalcemic cancer patients. Indeed, release of PTHrP by tumors
contributes to hypercalcemia by both a skeletal and renal mechanism (/49). The effect of
PTHIP is to enhance renal calcium reabsorption and, therefore, constitutes an important
contribution to the development of hypercalcemia in malignant states. Currently, the
mainstay of treatment in malignancy-associated hypercalcemia is bisphosphonate therapy,
which is bone-specific and has no effect on renal calcium reabsorption. This bone-specific
effect of bisphosphonates could account for the resistance to the antihypercalcemic effect
of bisphosphonates in patients with elevated circulating PTHrP levels (21 1), likely through
its renal effect. Consequently, vitamin D analogs could be interesting adjuncts in the
therapeutic arsenal against malignancy-associated hypercalcemia (MAH) by blocking
PTHrP production in this setting. We have used the vitamin D analog, EB1089, in two
hypercalcemic animal cancer models to test its efficacy as an inhibitor of both PTHrP and
hypercalcemia. In the first study, EB1089 was administered to Fisher rats implanted with
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Fig.4.Effectof EB1089 on plasma calcium and PTHrP in H-500 tumor animals. Male Copenhagen
rats were inoculated with rat Leydig tumor cells H500 via subcutaneous route into the flank.
Tumor-bearing animals were infused with vehicle alone or EB1089 (200 pmol/24 h) via osmotic
minipumps. Plasma calcium (A) and immunoreactive (i) PTHrP (B) was determined at timed
intervals. Results represent = SEM of six starting animals in each group in four different experi-

ments. Significant differences from central tumor-bearing animals at each timepoint is shown by
an asterisk (p < 0.05).
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Fig. 5. Effect of the vitamin D analog EB 1089 or hypercalcemia and PTHrP production in a nude
mice model of malignancy associated hypercalcemia (MAH). Animals were implanted with
HPKIA ras cells and received a constant infusion of EB1089 or vehicle via osmotic minipumps
when blood calcium levels reached 3 mmol/L (time 0). (A) Plasma calcium continued to rise in
mice treated with vehicle, whereas they returned to near normal levels in animals treated with a
constant infusion of EB1089 for 15 d. (B) Plasma PTHrP concentrations were measured at sac-
rifice in vehicle-treated (TCa“, vehicle), EB1089 treated (TCa2+, EB1089) as well as in
normocalcemic tumor-transplanted mice (— Ca?*) and control non-tumor-bearing animals (C).
Note the significant elevation of circulating PTHrP concentrations in vehicle-treated animals and
their subsequent reduction in EB1089 treated animals.

the H500 Leydig tumor, which results in hypercalcemia consistently 2 wk after tumor
implantation and death occurs approx 1 wk later. In this model, EB1089 was administered
in a preventative fashion at the time of tumor implantation and was shown to inhibit the
development of hypercalcemia (/49). Furthermore, PTHrP production, which increased
progressively over the course of tumor development in untreated animals, was inhibited
by EB1089 and the animals survived significantly longer (Fig. 4). Overall this study
demonstrated that EB1089 inhibits PTHrP production by tumor cells, which, in turn,
causes a reduction in circulating calcium levels. However, this model, although useful
from the mechanistic standpoint did not reflect the clinical setting or the type of tumors
seen in hypercalcemic cancer patients. Consequently, additional studies were needed to
determine the effect of the vitamin D analog in a human tumor model once hypercalcemia
was achieved. For this purpose, a nude mouse model was established in which PTHrP
producing squamous cancer cells were implanted and EB 1089 treatment was introduced
following the establishment of the hypercalcemic state (/52). Animals treated with vehicle
had worsening of hypercalcemia, whereas animals treated with EB1089 had a significant
decrease in both PTHrP and circulating calcium levels over time (Fig. 5). These studies,
therefore, indicated that the vitamin D analog EB1089 had the potential to be used clini-
cally in two distinct situations (1) in patients with an established diagnosis of cancer but
prior to the development of hypercalcemia and (2) in cancer patients diagnosed with MAH
combined with an elevation of circulating levels of PTHrP.

In addition, vitamin D analogs might be useful in targeting PTHrP-producing tumors
with high avidity for bone such as breast cancer. Indeed, over 90% of skeletal metastatic
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Fig. 6. Effect of EB1089 on skeletal metastasis. Female BALB/C/nu.nu mice were inoculated
with MDA-231 cells via the left cardiac ventricle. Animals were treated with vehicle alone or
EB1089 (14 upm/24 h) via osmotic minipumps implanted the same day of tumor cells injections.
Representative radiographs of normal animals (control) and animals receiving vehicle (untreated)
or EB1089 are shown. Area of osteolytic legions in the tibia and femur are marked by arrows
(upper panel). Lower panel: Histolgic analysis of the femora from a normal animal treated with
EB1089 alone (A). Osteolytic lesions of animals treated with vehicle alone (B) and osteolytic
metastases in animals treated with EB1089 as assessed by Goldner-trichrome staining (C) (mag-
nification, x20).

breast cancer lesions have been reported to overexpress PTHrP (2/2,213) and it has been
suggested that PTHrP influences the establishment/development of osteolytic lesions in
breast cancer (212,214). Several models of osteolytic metastases have been developed in
both mice and rats (105,215,216) using intracardiac injection of tumor cells. In these
models, animals rapidly develop osteolytic bone metastasis visible by radiologic exami-
nation used to monitor tumor progression and the effects of potential therapeutic agents.
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Interestingly, bone lesions often occur without hypercalcemia but, nevertheless, lead to
the death of the animals in just a few weeks (105,117). We designed a preventative
protocol using EB1089 in nude mice injected in the left cardiac ventricle with the human
breast cancer cell line MDA-MB231 (105). The development of bone metastasis in
animals treated with either EB1089 or vehicle was assessed radiologically and by
histomorphometric analysis of tumor volume within bones. Bone X-rays taken 5.5 wk
following intracardiac injection of cancer cells showed a very significant reduction in the
number and surface area of osteolytic lesions in EB1089-treated animals as compared to
vehicle-treated mice (Fig. 6A). Furthermore, histomorphometric tumor volume evalua-
tion showed large tumors invading both cortical and trabecular bone extending into the
bone marrow cavity in untreated animals. In contrast, EB1089-treated mice had smaller
lesions with minimal invasion of trabecular bone and the marrow cavity (Fig. 6B). Finally,
EB1089-treated animals had less hindlimb paralysis (a measure of metastatic lesions
impinging on the spinal cord) and survive much longer than nontreated mice. Although
PTHrP expression was not measured in bone lesions, it was hypothesized that EB1089
suppressed tumor growth directly as well as indirectly through PTHrP suppression. More
recently, we devised another strategy to block PTHrP production using its inactive pre-
cursor 250HD; (Fig. 1). Here, we demonstrated that local conversion of 25(OH)D; to
1,25(OH),D; by the A375 PTHrP-producing melanoma cell line resulted in a strong
inhibition of PTHrP production (205). It remains to be established if this strategy could
work in vivo.

Insummary, our studies suggest that inhibition of PTHrP production with low-calcemic
vitamin D analogs could be beneficial in both PTHrP-induced MAH and osteolytic bone
metastasis with a substantial benefit on the patient’s survival.

5. CONCLUSIONS

The new nonclassical actions of vitamin D have triggered considerable interest of this
simple nutrient. The potent effect of 1,25(OH),D5 in many cancer systems has led to the
development of more potent and potentially suitable vitamin D analogs in cancer treat-
ment. Many challenges remain in this novel field and, in particular, a need for a rational
design of these analogs based on their mechanism of action. It is likely that some of the
current analogs or even more potent and selective analogs will soon be part of our
armamentorium in the fight against cancer.
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1. INTRODUCTION

Metastatic disease contributes to a large proportion of cancer-related deaths, and bone
is among the most common sites for metastases for tumors originating in the breast and
prostate. The propensity for these cancers to form bone metastases is not completely
understood; however, it undoubtedly involves a number of unique characteristics of both
the tumor cells and the bone microenvironment. Such an explanation was proposed more
than a decade ago with Paget’s “seed and soil” hypothesis, which suggested that meta-
static cells are dispersed throughout the body, yet they will only survive and grow upon
reaching tissues that are optimal for their growth (reviewed in ref. 7).

The bone is a unique microenvironment as it serves as a reservoir for many cytokines
and growth factors, including transforming growth factor (TGF)- and insulin-like growth
factor (IGF)-I and IGF-II. Small amounts of these proteins are present in the local envi-
ronment during normal bone remodeling, however, local concentrations of TGF-3 and
IGF-I and IGF-II become significantly increased in the presence of osteolytic bone
metastases because of the high rates of bone degradation. There is substantial evidence
to suggest that TGF-3, IGFs, and their associated family members are highly involved in
this complex metastatic process. These growth factors have multiple roles acting both on
the tumor cells and surrounding stroma, all of which promote cancer progression. Our
current knowledge regarding these key roles will be the focus of this chapter.
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2. TRANSFORMING GROWTH FACTOR-

The TGF-f family of extracellular peptides regulates a number of diverse physiologi-
cal processes, including proliferation, extracellular matrix (ECM) synthesis, angiogen-
esis, immune responses, apoptosis, and differentiation. The effect of TGF-B on these
actions is, to a large extent, cell- and tissue-specific, as it exhibits both stimulatory and
inhibitory properties depending on the cell type. The TGF-J signaling pathways acti-
vated under normal physiologic conditions are reasonably well understood and have been
reviewed extensively (2-6). Briefly, TGF-J generates signals through two types of recep-
tor serine/threonine kinases termed type I and type I TGF-3 receptors (TBRI and TRRII).
Signal transduction is initiated upon binding of the TGF-3 ligand to the type II receptor.
The type I receptor is then recruited to this complex, where it is phosphorylated by a
constitutively active TBRII kinase, resulting in kinase activation and subsequent phos-
phorylation of the Smad cytoplasmic signaling molecules. Activated Smads are then
translocated to the nucleus where they partner with transcription factors, resulting in the
modulation of target gene transcription.

2.1. Alterations in TGF-p Signaling in Cancer Cells

In the early stages of tumor development, TGF-J acts as a tumor suppressor through
its ability to inhibit cell growth; however, there is evidence to suggest that TGF-[3 signal-
ing becomes deregulated in a number of cancers, thereby stimulating invasion and
metastases of late-stage, more aggressive tumors (reviewed in refs. 7—9). This biphasic
role for TGF-f3 can be attributed to selective alterations in TBRs, Smads, and/or target
genes that disrupt normal functions of TGF-f that are undesirable to tumor formation,
while enhancing TGF-B-mediated effects that favor tumor growth and invasion. Further-
more, TGF-P can also affect many cell types in the local environment of the tumor,
creating conditions that support tumor growth, invasion, and metastasis. Thus, in addi-
tion to disrupting the growth-inhibitory and apoptosis inducing actions of TGF-f, this
growth factor can also enhance angiogenesis, immunosuppression, and matrix
metalloproteinase (MMP) secretion.

2.1.1. Murartions IN THE TGF-BRs

Mutations in TBRII have been identified in recurrent, but not primary breast tumors
(10), and loss of TPRII expression has been correlated with high tumor grade in both
in situ and invasive breast cancers (/7). A mutation in the TBRI gene has also been linked
to metastatic breast cancer (12). Despite these findings, TBR mutations are not frequently
found in breast cancers (/3). On the other hand, truncated and inactivated forms of the
TPRII are often present in colon and gastric tumors, as well as gliomas (reviewed in
ref. 14). Similarly, mutations affecting TBRI have been identified in additional forms of
cancers, including tumors of the ovary and pancreas and T-cell lymphomas (/5-18).

2.1.2. ALTERED SMAD FuNCTION

Alterations in Smad function are generally associated with deletion or mutation of
Smad4. Smad4 was first identified as a tumor suppressor that is lost in approximately
half of pancreatic cancers (/9), and mutations in this gene also occur in colorectal cancer,
with an increased incidence of mutation in those with metastatic disease. Mouse models
also support this association: Animals with mutations and deletions of Smad4 have been
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shown to develop gastrointestinal polyps (similar to those found in humans) that subse-
quently, progress to invasive adenocarcinomas. Although alterations in other Smads
occur less frequently, mutations in Smad2 have been reported in human colorectal and
lung cancers (20,21). A number of Smad-deficient mice have been created. Smad2-
and Smad4-deficient mice are embryonically lethal, but Smad3-null mice remain viable,
and although these animals appear more prone to infections as a result of immunode-
ficiency (22,23), one group has shown 100% penetrance of metastatic colon cancer in
these animals (24). Alterations in Smad signaling have also been associated with a poor
outcome in breast cancer patients: Xie and colleagues found that lack of phosphorylated
Smad?2 was associated with shorter overall survival in a cohort of stage II breast cancer
patients (25), and decreased nuclear abundance of Smad3 was significantly correlated
to tumor grade and size in a study of breast cancer tissue specimens (26).

2.1.3. REesISTANCE TO TGF-B-MEDIATED CYTOSTASIS AND APOPTOSIS

Although loss of receptor or Smad function might result in changes that promote tumor
formation, it is more likely that loss of TGF-B-mediated growth arrest results from
changes occurring further downstream in the TGF-P signaling pathway, through the
specific loss of cytostatic gene transcription. TGF-3 commonly exerts its growth-inhibi-
tory effects by regulating components of the cell cycle machinery, thereby preventing
transcription of genes required for the G1-S-phase transition. Common targets include
(1) the cyclin-dependent kinases (Cdks), which are associated with early G1-phase pro-
gression, (2) Cdk inhibitors (CdklI), which halt the cell cycle prior to the G1 restriction
point, and (3) retinoblastoma protein (Rb) that when present in the hypophosphorylated
form, acts to repress genes that are crucial for progression of the cell cycle to the S-phase.
Alteration in many of these cell-cycle-related genes have been identified with cancers,
including deletion of Rb and the Cdkls p15 and p27, as well as overexpression of the
cyclin-dependent kinases Cdk4 and Cdc25a (reviewed in refs. 27 and 28). Mutations in
these molecules allow for progression of the cell cycle and increased cell growth and
proliferation.

Cells that have intact TGF-3 signaling but have lost the growth inhibitory signals
become increasingly invasive and metastatic, and many such tumors show increased
production of TGF-f3 (29). Associated with this increased invasive and metastatic phe-
notype are a series of morphologic changes, commonly referred to as an epithelial to
mesenchymal transition (EMT). The ability for TGF-f to induce these changes has been
demonstrated in cell cultures of normal and transformed breast epithelial cells, squamous
carcinoma, ovarian adenosarcoma, and melanoma. The interaction between TGF-f3 and
Ras signaling pathways appears to be important for EMT, and current evidence suggests
that these two pathways act synergistically to induce epithelial to mesenchymal transition
(30). This finding might partially explain why the invasive growth of Ras-transformed
cells often depends on intact TGF-f signaling (31,32). Increased activation of the Ras
pathway in breast cancer cells not only blocks the antiproliferative effects of TGF-f3, but
also increases the ability of cells to metastasize to the bone in response to TGF-f3, sug-
gesting that oncogenic Ras “reprograms” the TGF-f response of these cells (33).

2.2. Effects of TGF-B3 on the Tumor Environment

In addition to modulating the growth properties of tumor cells, TGF-3 has additional
actions on surrounding cells and tissues that help create an environment that that pro-
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motes the growth and colonization of tumors. Most notably, high levels of TGF-J pro-
mote angiogenesis, induce expression of matrix-degrading enzymes, and assist tumors
in evading the immune system. Furthermore, high levels of TGF-f appear to play a key
role in the development of bone metastases by enhancing bone degradation, which pro-
motes colonization and growth of secondary tumors in the bone.

2.2.1. TGF- STIMULATES ANGIOGENESIS

Sufficient blood supply to a tumor is critical for growth and invasion. Not only do
blood vessels deliver oxygen and nutrients to the tumor, but it is through intravastation
into the blood system that cancerous cells metastasize to distant organs. For this reason,
angiogenesis is critical for the survival and metastasis of tumors. TGF-f exerts a number
of effects, both direct and indirect, that stimulate angiogenesis, and animal studies have
shown many components of the TGF-[3 pathway are essential for vascular development.
Inactivation of the genes encoding TGF-3 or TRRII results in defective vasculogenesis
and angiogenesis, generating nonviable embryos (34,35). Similarly, in vivo models of
tumorigenesis have shown that angiogenesis is increased in both prostate cells and Chi-
nese hamster ovary cells transfected with TGF-B1, and this effect could be reduced with
the local administration of TGF-B-neutralizing antibodies (36,37). Clinical data also
supports an association between TGF-f and angiogenesis. High levels of TGF-f3 were
associated with tumor microvessel density and poor prognosis in a cohort of breast cancer
patients (37), and similar associations have been observed in renal, prostate, and hepatic
tumors (38—41). This effect is, in part, explained by the ability of TGF- to stimulate
production of vascular endothelial growth factor (VEGF), a direct stimulator of endot-
helial cell proliferation and migration. In addition, TGF- might contribute to angiogen-
esis by serving as a chemoattractant for monocytes, which secrete proangiogenic
cytokines.

2.2.2. EscaPE FroM IMMUNOSURVEILENCE 18 MEDIATED BY TGF-f3

Transforming growth factor also plays a role in suppressing local immune responses
by inhibiting the proliferation and differentiation of a number of cell types that are
necessary for immune surveillance. This presents a survival advantage for tumors that
either produce high levels of this cytokine or reside in an environment where local levels
of TGF-P are high. These immunosuppressive effects of TGF-f include (1) suppression
of T-lymphocyte activation, proliferation, and function, (2) arrest of B-cells and a cor-
responding decrease in immunoglobulin synthesis, and (3) reduction in the activity of
natural killer (NK) cells, neutrophils, and macrophages (reviewed in ref. 42).

2.2.3. TGF-[3 INnucEs MMP EXPRESSION AND ACTIVITY

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes involved in
the degradation and remodeling of the extracellular matrix. The ability for MMPs to
degrade basement membranes implies that they are essential for a number of steps in the
metastatic process, including neovascularization, extravasation of tumor cells into the
circulation, and invasion of tumor cells into distant sites. TGF-f-mediated induction of
MMPs has been well documented. TGF-B1 induces activity of MMP-9 and MMP-2 in
cultures of breast, prostate, and osteosarcoma cells, as well as surrounding endothelial
cells (43—45). Additional studies have shown that by secreting MMPs, metastatic cancer
cells are able to degrade mineralized bone, promoting osteolysis and the subsequent
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development of bone metastases (46,47). Thus, by enhancing the activity of MMPs,
TGF-f promotes an environment that fosters the migration and invasion of tumor cells.

2.2.4. TGF- StimuLATES BONE DEGRADATION ViA PTHRP

Breast cancers commonly metastasize to the bone, and upon reaching this secondary
site, the increased tumor production of parathyroid hormone-related protein (PTHrP)
promotes the activation of osteoclasts, resulting in increased bone resorption. This pro-
motes the release of activated growth factors from the bone, including IGF and TGF-J3,
which stimulate proliferation of the surrounding cells, as discussed previously.

Using sequential passages of MDA-MB-231 breast cancer cells isolated from bone
metastases, Yoneda and colleagues (48) have generated a bone-seeking MDA-MB-231
clone that has distinct biological characteristics compared to the parental cell line, sug-
gesting that cells metastasizing to the bone undergo phenotypic changes that promote
their survival and proliferative capacity in the bone environment. In particular, these
bone-seeking clones produced increased amounts of PTHrP in response to TGF-f3, and
in contrast to the parental line, growth of the bone-seeking cells was not inhibited by
TGEF-B (48). In vivo studies support these findings. In amouse model of bone metastases,
expression of breast cancer cells nonresponsive to TGF-f3 (because of a mutation in
TPRII) resulted in decreased bone destruction, fewer tumors, and prolonged survival
compared to control animals. Furthermore, expression of cells with a constitutively
active TPRI resulted in increased PTHrP production and corresponding increase in
osteolytic bone metastases and decreased survival (49). Thus, TGF-f plays a key role in
promoting bone degradation and the subsequent development of bone metastases.

3. INSULIN-LIKE GROWTH FACTOR AND IGF-BINDING PROTEINS
3.1. The IGF System

Insulin-like growth factor-I and IGF-II are known stimulators of cell growth, prolif-
eration and differentiation, and there is significant evidence to support the role of the IGF
system in the development and progression of certain cancers. The IGF system consists
of the IGF ligands (IGF-I and IGF-II), the insulin and type I and type II IGF cell surface
receptors (IR, IGF-IR, and IGF-IIR), and a family of IGF-binding proteins (IGFBPs).
IGF signaling and its role in cancer has been reviewed extensively (50-52). Briefly,
signal transduction is initiated with the binding of IGF-I or IGF-II to the extracellular
subunit of the IGF-IR, which generates a conformational change and subsequent receptor
tyrosine kinase activation. This initiates signaling through the mitogen-activating protein
(MAP) kinase and phosphatidylinositol (PI)3 kinase pathways, which ultimately results
in transcription of target genes within the nucleus. In contrast, IGF-IIR has no tyrosine
kinase activity and can bind IGF-II, but not IGF-I. Binding of IGF-II to this receptor
results in degradation of the ligand, decreasing its activity.

Activity of the IGFs is regulated by a family of at least six structurally related proteins,
termed IGF-binding proteins (IGFBP-1-6) (reviewed in refs. 53-55). IGFBPs have a
high affinity for IGF-I and IGF-II, and they function in the circulation to transport and
stabilize circulating IGF. Secretion of IGFBPs into the local extracellular environment
further allows these proteins to regulate tissue/cellular localization of IGF and to modu-
late IGF ligand-receptor interactions. In this manner, IGFBPs are believed to be impor-
tant regulators of IGF-dependent proliferation, either inhibiting or enhancing IGF action,
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depending on the cellular conditions. In addition, these proteins appear to have a more
recently identified role in controlling cell growth that is unrelated to their role in binding
IGF (reviewed in refs. 56 and 57). These IGF-independent actions are not yet completely
understood, but direct binding of IGFBPs to the cell surface has been reported, and both
IGFBP-3 and IGFBP-5 can be translocated to the nucleus, where they have the potential
to influence target gene activation.

3.2. Role of IGFs in Cancer

The evidence demonstrating both direct and indirect roles for IGFs in cancer is sub-
stantial, and the role of the IGF system in cancer has been the focus of several reviews
(58-61). IGFs are overexpressed in many cancers, and both IGF-I and IGF-II are mito-
genic for a number of cancer cell lines, including sarcoma, leukemia, and cancers of the
prostate, breast, lung, colon, stomach, esophagus, liver, pancreas, kidney, thyroid, brain,
ovary, and uterus (62). In addition to stimulating proliferation, prolonged stimulation
with IGFs can promote cellular transformation. Recent population-based studies indicate
that high serum IGF-1 is a risk factor for the development of breast, prostate, colorectal,
and lung cancers; however, the strength of association varies greatly given the race,
gender, and menopausal status (for breast cancer) of the population being studied.

Increased tumor expression of IGF-IR has been identified as an important factor in the
maintenance of the transformed phenotype (63), and its expression is strongly correlated
with metastatic ability (64). In addition, IGFs have additional indirect effects that both
block the antiproliferative effects of tumor suppressor genes and synergize with mitoge-
nic growth factors and steroids (particularly estrogens and epidermal growth factors
[EGF]) to further promote cancer cell growth.

3.3. Role of IGFBPs in Cancer

The role of IGFBPs in cancer progression and metastasis was identified only recently,
and the association between IGFBP-3 and breast cancer has been the most extensively
studied. Evidence surrounding this association has been inconsistent. Not only are the
responses to this protein cell-specific but they are also influenced by complex interplay
between local concentrations of growth factors and proteases, and the signaling pathways
activated.

3.3.1. AntITUMOR EFFECTS OF IGFBPS

Given the positive association between the levels of circulating IGF-1 and breast
cancer risk, it seems logical that by binding IGF in the circulation, high levels of IGFBP-
3 would inhibit cancer cell growth. Indeed, the growth-inhibitory effects of IGFBP-3
have been demonstrated in many malignant and nonmalignant cell lines, including a
variety of breast cancer cell lines (65,66). This inhibitory action is generally explained
by the ability for IGFBP-3 to tightly bind the IGF ligand, thereby competing for binding
with the IGF-IR and blocking downstream stimulation of cell growth and survival that
result from receptor activation. In addition, cell growth can be inhibited by analogs of IGF
that activate the IGF-IR, but cannot bind IGFBP-3. Thus, mechanisms independent of
IGF must also be involved.

Apoptosis is fundamental in preventing the development of malignant disease, and
there is evidence to suggest that in addition to inhibiting cell growth, IGFBP-3 also has
direct and indirect apoptosis-inducing effects (67). IGFBP-3 has been shown to increase
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cellular production of the pro-apoptotic proteins Bax and Bad and to sensitize cancer cells
to the apoptosis-inducing effects of both ionizing radiation and ceramide. It has been
suggested that this involves a positive feedback loop in which p53 stimulates IGFBP-3,
and IGFBP-3 further enhances p53-mediated apoptosis. Furthermore, IGFBP-3 was
reported to directly induce apoptosis through a p53- and IGF-independent mechanism;
however, details of this mechanism have not been fully elucidated (68).

3.3.2. IGFBPs May PROMOTE TUMORIGENESIS: DEVELOPED RESISTANCE?

Although IGFBP-3 inhibits the growth of many breast cancer cells in vitro, there are
also studies demonstrating that IGFBP-3 has the ability to stimulate cell growth. Further-
more, increased expression of IGFBP-3 in breast tumors has been correlated with poor
prognosis in some studies (69-71), thereby suggesting that this protein exerts growth-
stimulatory effects in some breast tumors.

The conflicting views on the role of IGFBP-3 in mediating cellular proliferation cannot
be explained by variations in the cell lines being studied, as opposing actions have also
been reported within one cell type. The most convincing explanation for this dual action
is one of developed resistance. It has been postulated that, at the early stages of tumor
development, IGFBP-3 might act to inhibit cell growth; however, as tumors become more
advanced they become resistant to these growth-inhibitory effects, and in some cases
IGFBP-3 actually generates a stimulatory signal. Resistance to the antiproliferative effects
could represent a survival advantage to cancer cells, and evidence supporting this hypoth-
esis is accumulating. The development of an aggressive breast cancer phenotype, includ-
ing the progression from estrogen dependence to independence, has been associated with
an increased production of IGFBP-3 (72). Cellular resistance is also supported by studies
in which IGFBP-3 was transfected into cells that do not normally express this gene.
Initially the cells responded to increased IGFBP-3 in an expected manner, with inhibition
of cell growth at the G1-S transition; yet at late-passage numbers, these cells became
resistant to the inhibitory effects of IGFBP-3 and cell proliferation was enhanced (73).

Currently, only one mechanism to explain this developed resistance has been described,
and this work comes from a series of studies by Baxter and colleagues, who have dem-
onstrated that the MAP kinase pathway is involved in this process. Their studies have
shown that IGFBP-3 inhibits DNA synthesis in MCF-10A breast epithelial cells, but
following expression of oncogenic Ras, these now malignant cells respond to IGFBP-3
with increased cell proliferation (74). These transformed cells displayed increased EGF
receptor phosphorylation and activation of the p44/42— and p38—MAP kinase pathways,
indicating that enhanced EGF signaling was responsible for these stimulatory effects
(75). Additional processes are also likely involved in the development of a resistant
phenotype; identification of these mechanisms will be critical for developing successful
anticancer therapies targeting IGFBP-3.

3.4. Mechanisms of IGFBP Action
3.4.1. IGF-DEPENDENT ACTIVITY
As mentioned previously, the ability for IGFBPs to bind IGFs is one of the primary
means by which IGFBPs influence IGF activity. Because IGFBPs bind to IGF with
greater affinity than to the IGF-IR, the presence of IGFBPs will inhibit IGF-IGF-IR
interaction, thereby blocking IGF signaling. However, in the presence of IGFBP-specific
proteases, IGFBPs are degraded, liberating free IGF, which can then bind to the IGF-IR
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and initiate signal transduction. A number of ligand-specific proteases have been iden-
tified. Many of these are upregulated in tumors, including prostate-specific antigen (PSA),
MMPs, y-nerve growth factor, cathepsin D, plasmin, and thrombin, which provides a
further link between IGFBPs and cancer. For example, PSA, whose production spikes
with prostate cancer, specifically cleaves IGFBP-3 and IGFBP-5. IGFBP-2, IGFBP-3,
IGFBP-4, and IGFBP-5 can be degraded by various members of the MMP family; MMPs
have been highly implicated in the metastatic process, and their role in IGFBP degrada-
tion further substantiates their prometastatic activity (76-78).

3.4.2. IGF-INpEPENDENT EFFECTS OF IGFBP-3

In addition to modulating the activity of IGF, a number of early studies implicated
activity of IGFBP-3 that was independent of IGF; however, Cohen et al. (79) were the
first to present direct evidence for these IGF-independent effects. In their study, transfec-
tion of the IGFBP-3 gene into mouse fibroblasts lacking the IGF-I receptor resulted in
decreased cell growth, demonstrating that IGFBP-3 action can occur independently of
IGF signaling (79). Subsequent studies have confirmed such IGF-independent effects in
a number of systems, including breast (80) and prostate (81) cancer cells. Although the
exact mechanisms are not fully understood, both signaling via cell surface receptors and
nuclear localization of IGFBP-3 appear to be involved.

3.4.2.1. Signaling via IGFBP-3-Specific Cell Surface Receptors. Insulin-like
growth factor binding protein-3 binds to the surface of many cell types. The positively
charged C-terminal domain of IGFBP-3 (***KGRKR) appears to be necessary for cell
surface binding, as this interaction is inhibited in a recombinant IGFBP-3 protein with
mutations in this region (82), whereas synthetic peptides containing the *KGRKR
sequence compete with IGFBP-3 for cell surface binding (83). In contrast, in a screen
of recombinant IGFBP-3 fragments, Yamanaka et al. found that a fragment containing
IGFBP-3 amino acids 88—183 (the midregion of IGFBP-3) exhibited binding with the
same affinity as the whole-length protein (84). Therefore, there remains a discrepancy
as to the region(s) of the protein required for cell surface binding.

Similarly, the identity of the receptor (or receptors) to which IGFBP-3 binds is also not
yet known. In breast cancer cells, this binding has been shown to specifically occur with
cell membrane proteins ranging from 20 to 50 kDa in size (85). A series of studies in mink
lung epithelial cells supported the type V TGFE-3 receptor (TBRV) as the putative IGFBP-
3receptor (86,87), and in this model, this receptor appears necessary for cellular responses
to both IGFBP-3 and TGF-f. The TBRV, however, has not yet been identified in breast
tissue, and the majority of tumor-derived epithelial cell lines tested do not express this
receptor. If this is, in fact, the IGFBP-3 receptor, then its variable expression could
contribute to the contrasting stimulatory and inhibitory effects of IGFBP-3 described
earlier. At this time, a specific cell-signaling role for TBRV has not been defined, and
further studies will be required to substantiate its role as a putative IGFBP-3 receptor.

Additional roles for TGF-B receptors in IGFBP-3 signaling are slowly being identi-
fied. Fanayan and colleagues (88) have demonstrated that IGFBP-3 activates the pro-
moter of a TGF-f responsive gene, PAI-1, by inducing phosphorylation of the TBRI cell
surface receptor. This gene activation did not require nuclear translocation of IGFBP-3,
indicating IGFBP-3 was likely signaling from the cell surface. Although it was demon-
strated that TBR-II was necessary for this effect, the means by which IGFBP-3 initiates
this signal has not yet been defined (88).
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3.4.2.2. Nuclear Localization. A feature unique to the IGFBP-3 and IGFBP-5 pro-
teins is the presence of a positively charged region in the C terminal domain that
functions as a nuclear localization signal (NLS) (89). In human breast cancer cells,
recombinant IGFBP-3 and IGFBP-5 are actively transported to the nucleus by a com-
mon pathway, mediated by the importin-f nuclear transport factor. Once in the nucleus,
IGFBP-3 binds to insoluble nuclear components, thereby actively accumulating in this
compartment. Mutations in the NLS sequence have been shown to diminish IGFBP-3
binding to importin-f in vitro and decrease nuclear import and/or accumulation, indi-
cating that nuclear translocation is a NLS-dependent process (90).

Many small proteins with a functional NLS have been identified as nuclear cotrans-
porters for larger proteins that lack a NLS. This appears to be the case for IGFPB-3. Using
a breast cancer cell line that does not normally express IGFBP-3, Schedlich and col-
leagues (91) found that fluorescently labeled IGF-I was translocated to the nucleus in
cells expressing recombinant human IGFBP-3, but not in those expressing IGFBP-3 with
mutations in the NLS sequence. Similarly, IGF-I analogs with decreased IGFBP-3 bind-
ing affinity were not translocated to the nucleus. Together, these findings suggest that in
breast cancer cells, IGFBP-3 also acts as a carrier for IGF-I nuclear transport. It is also
possible that IGFBP-3 serves as a nuclear transporter for other large proteins; however,
to date, additional proteins exploiting this transport function have not been identified.

Nuclear uptake of IGFBP-3 has been associated with diving cells in a number of
studies (9/-93), but the exact role of IGFBP-3 in the nucleus is still not fully understood.
Interaction of IGFBP-3 with nuclear transcription factors were hypothesized based on the
high homology between the C-terminal domain of this protein and the DNA-binding
domain of many transcription factors. Using a yeast two-hybrid system, Liu et al. (94)
demonstrated the interaction between nuclear IGFBP-3 and the retinoid X receptor
(RXR). In this study, RXR and IGFBP-3 colocalized in both the cytoplasm and nucleus
of prostate cancer cells and the incubation with a RXR specific ligand stimulated trans-
port of the complex to the nucleus. More recently, Schedlich and colleagues (95) have
extended these findings to breast cancer cells and have further demonstrated the interac-
tion between IGFBP-3 and the retinoic acid receptor (RAR)-o.. Retinoic acid (RA) is a
nonsteroidal hormone that is a potent inhibitor of cell growth and a proapoptotic factor
for both normal and malignant cells, but all-frans-R A resistance is common in aggressive
breast cancers. RA signaling requires the formation of a RXR:RAR heterodimers, and the
subsequent ligand-mediated activation of transcription factor complexes. Thus, upon
translocation to the nucleus, IGFBP-3 prevents the formation of these heterodimers and,
as aresult, blocks the cellular response to RA. Retinoid has been shown to be an effective
therapeutic agent in the treatment of some cancers, but has been unsuccessful in treating
advanced breast cancer. Furthermore, increased secretion of IGFBP-3 has been reported
following stimulation with RA (96). If resistance to retinoid signaling in these patients
is the result of upregulation and nuclear localization of IGFBP-3, then combining inhibi-
tors of IGFBP-3 with retinoid receptor agonists might represent an effective means of
treating such resistant tumors.

4. EFFECTS OF TGF- ARE MEDIATED BY IGFBP-3

Secretion of IGFBP-3 has been demonstrated in response to a number of growth
factors, including TGF-3, RA, TNF-q, antiestrogens, and vitamin D (reviewed in ref. 96),
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suggesting that IGFBP-3 might be a common mediator of these effects. Interestingly,
many of these factors have dual action in tumor cells, promoting cell survival in some
cells while inhibiting survival in others. Of particular interest in regard to breast cancer
development and progression is the increased production of IGFBP-3 in response to
TGF-f.

As described previously, TGF-f inhibits proliferation and induces apoptosis in both
normal breast epithelia and in early-stage tumors. As the tumor develops a more aggres-
sive phenotype, TGF-f generates a mitogenic response. This switch from an inhibitory
to stimulatory response mirrors that of IGFBP-3 in early-stage vs late-stage breast cancer,
further implicating a common pathway for these factors in tumor development. TGF-f3
treatment results in a dose- and time-dependent increase in IGFBP-3 production, at both
the mRNA and protein levels (97,98), and both the growth inhibitory and proliferative
response to TGF-f are at least partially mediated by IGFBP-3 (99-103).

In a study of Hs578T breast cancer cells, Oh and colleagues observed that the growth-
inhibitory effects of TGF-[3 were preceded by an increase in IGFBP-3 (104), and blocking
the expression of IGFBP-3 was sufficient to prevent the TGF--mediated inhibition of
cell growth. The authors proposed that IGFBP-3 likely exerts its effects by binding IGF,
thereby inhibiting the access of IGF to the type I receptor, eliminating the downstream
signaling cascade. Although this mechanism of action is quite possible, more recent
evidence indicates that the role of IGFBP-3 in regulating cell growth is far more complex.

In the MDA-MB-231 breast cancer cell model, our lab has also demonstrated that the
effect of TGF-P on proliferation is mediated in part by IGFBP-3. However, in this system,
the response to TGF-3 was concentration dependent. At very low concentrations (0.001—
0.05 ng/mL), TGF-B was shown to stimulate cell proliferation, and this was directly
linked to an increase in IGFBP-3. As concentrations were increased beyond 1 ng/mL,
TGF-f exerted an inhibitory effect that was accompanied by a decrease in IGFBP-3.
Furthermore, these cells did not respond to exogenous IGF, suggesting that the mitogenic
effects of IGFBP-3 were independent of IGFBP-3:1GF-binding interactions (/03).

It is clear that the interactions among TGF-[3, IGFBP-3, and cell growth and survival
are extremely complex. McCaig et al. (/05) have further demonstrated that not only is the
intrinsic ability for IGFBP-3 to either enhance or inhibit the growth and survival of breast
epithelial cells dependent on concentration of the cytokines and the cell lines being tested,
but simultaneous exposure to other cytokines might also be a determinant of the cellular
response. They have found that the effect of IGFBPs on mediating cell death varies
depending on the extracellular matrix components present in the environment (/05).
IGFBP-3 is undoubtedly involved in mediating the effects of TGF-3; however, our
understanding of the nature of this interaction is far from being complete.

5. CONCLUSION

The development of bone metastases is acommon outcome in advanced breast cancer,
and this process appears to be driven, at least in part, by both TGF-f3 and the IGF family
of growth factors. The key effects of these two growth factors in promoting the develop-
ment of osteolytic bone metastases are summarized in Fig. 1. This includes activity on
both tumor cells and the surrounding stroma. Because these growth factors are stored in
the bone, they become highly concentrated at the site of metastases (where bone degra-
dation is upregulated) in patients with osteolytic bone lesions. These growth factors



Chapter 4 / TGF-P and IGF in Tumor Progression and Bone Metastases 69

Normal Cells Invasive Cancer /—\'
(O ; TGF-B

O O O 4b§ Autocrine loop
Tumour Cell
TGF-p suppressor TGF-p Pro-Oncogenic
Activity dominates Activity dominates b
«Growth Inhibition oM Growth & Survival
sApoptosis «EMT o
«Angiogenesis IGF Independent Activity
«Immunosuppression *IGFBP cell surface receptor
«MMP production #Nuclear Localization
«Other Actions? Tumor cells
® stimulate
Effects also 5 bone ;
concentration RA; TNF-a degradation
dependent Vitamin D 0 & growth
Anﬁastr::gens IGF Dependent Activity factor release
@ sStimulate or Inhibit e
-

*MMPs

\
TGF-p = » IGFBP-3 =
o>

Bone with Osteolytic Degradation

Fig. 1. Effects of IGFs and TGF-B on cancerous cells and surrounding stroma that promote the
development of osteolytic bone metastases. Tumor cells stimulate bone degradation, thereby
promoting release of growth factors into the local environment. TGF-f exerts both stimulatory and
inhibitory effects on tumor cells, and these effects are both cell- and concentration-specific. IGFs
have direct tumor-promoting effects that are modulated by the IGFBPs. Levels of IGFBP-3 are
upregulated by a number of growth factors, including TGF-B, yet the activity of IGFBP-specific
proteases can also degrade these proteins. IGFBP-3 acts through both IGF-dependent and IGF-
independent mechanisms. The activity of these growth factors enhance proliferation and survival
of advanced metastatic tumors, which further promotes bone breakdown, thereby creating a self-
perpetuating cycle that facilitates the development of osteolytic bone metastases.

enhance proliferation and survival of advanced metastatic tumors, which further pro-
motes bone breakdown, thereby creating a self-perpetuating cycle that facilitates the
development of osteolytic bone metastases.

Although TGF-f inhibits the growth of many cells, we have presented evidence to
suggest that in the late stages of tumourigenesis, TGF-J signaling becomes deregulated
with specific loss of activity that is undesirable to tumor formation, including apoptosis and
cytostasis. At the same time, TGF-B-mediated effects that enhance tumour growth are
enhanced. This results in cancerous cells that are resistant to the apoptosis and growth inhibi-
tory activity of TGF-f in an environment with increased blood supply because of enhanced
angiogenesis, increased MMP production, and suppressed activity of immune cells.

Transforming growth facor- also influences the IGF system, by directly stimulating
production of IGFBP-3 in many cancer cells. Like TGF-f3, IGFBP-3 has antitumor activ-



70 Part I / Fundamental Concepts

ity in both normal and some malignant cell lines, yet resistance to these effects is evident
in advanced malignancy. In addition to regulating cell growth by modulating the inter-
action between IGF and the IGF receptors, IGFBP-3 has bioactivity independent of its
binding to IGF. IGFBP-3 binds to the cell surface, suggesting the presence of IGFBP-3-
specific receptors, which could activate intracellular signaling. In addition, IGFBP-3 can
be translocated to the nucleus, where this protein could interact directly with other mol-
ecules to regulate target gene transcription. On the other hand, the ability for IGFBP-3
to be translocated to the nucleus might provide a means of shuttling larger proteins to the
nucleus, and in this way, IGFPB-3 might serve as a nuclear transporter. These possibili-
ties are not mutually exclusive, and future studies will be required to determine the exact
role of IGFBP-3 in many of these processes.
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1. INTRODUCTION

Death from prostate cancer is usually attributable to the development of bone and
visceral organ metastases. The spine, pelvic bones, and ribs are among the most frequent
sites of prostate cancer bone metastases. The peripheral skeleton and skull are less fre-
quent sites (/,2). There are two hypotheses for the preferential homing of prostate cancer
cells to bone. The first is that the mechanical hemodynamics of blood flow from prostate
to bone favor the spread of prostate cancer cells to specific anatomical sites (3). A second
theory holds that prostate cancer cells have a specific affinity to bone, which attracts and
colonizes prostate cancer cells in a relationship like the “seed” (cancer cell) and “soil”
(bone microenvironment) hypothesis originally proposed by Paget (4). Understanding
the molecular mechanism underlying prostate cancer tropism to bone and the evolution-
ary process leading to androgen independence and invasiveness will allow us to develop
better therapies for the management of prostate cancer bone metastasis.

Cancer cells reside in an organotypic host microenvironment, the importance of which
has long been underemphasized because it is perceived only as a silent bystander (5,6).
Past understandings of the organ-specific profile of cancer and metastasis have led to the
idea that pre-existing subpopulations of cancer cells must have successfully completed
arather inefficient metastatic process (7,8). Strong experimental evidence supported the
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concept that primary tumors are heterogeneous, and upon subsequent metastasis, a non-
random, sequential, multistep selective process occurred among pre-existing cell sub-
types (7,9,10). Kauffman et al. (/1) reviewed the roles of metastatic suppressor genes
whose loss might prompt the selective growth and survival of cancer cells at certain
secondary sites. Chambers et al. (12) suggested that the molecular interaction between
cancer cells and their metastatic organ site determines the success of cancer colonization.

These selective processes are generally believed to occur rarely and in the late stages
of tumor progression (8,11). Conceptually, this conflicts with the idea that molecular
signatures in the primary cancer prior to metastasis can reliably predict clinical outcome
(13,14). A compromise idea was proposed by Kang et al. (15), who suggested that the
expression of certain genes in primary breast cancer might indeed, be prognostic, but
organ-specific tropism can be achieved only after the cancer cells have expressed a
concrete set of overt bone-metastasis genes. In this understanding, the tumor microenvi-
ronment is the “missing link” that not only provides fertile “soil” for cancer growth but
also exerts dominant inductive influences on the evolution and subsequent selection of
critical cancer cell clones at both primary and metastatic sites.

In this context, we focus our review on two important contemporary biologic questions
concerning prostate cancer bone metastasis that could be considered as attractive thera-
peutic targets. These two biologic processes are osteomimicry, the ability of prostate
cancer cells to mimic “bone-like” properties, and the epithelial-mesenchymal transition
(EMT), which coincides with the ability of prostate cancer cells to gain migratory, inva-
sive, and metastatic potential (see following sections). Understanding the fundamental
molecular links between the processes of osteomimicry and EMT and clinical prostate
cancer metastases could reveal novel future molecular targets for the treatment of pros-
tate cancer bone metastasis.

2. OSTEOMIMICRY

Koeneman and colleagues (16) proposed that osseous metastatic prostate cancer cells
must be osteomimetic (bone-cell-like) in order to migrate, grow, and survive in the bone
microenvironment. Immunohistochemical staining and Western blot analyses have
shown that the osteoblast-restricted proteins osteocalcin (OC), bone sialoprotein (BSP),
and osteopontin (OPN) are highly expressed in malignant skeletal metastatic prostate
specimens and bone metastatic prostate cancer cell lines (/7-21). These bone proteins
regulate the differentiation, development, and mineralization of the skeleton. OC (5-6
kDa) is a member of the Gla family of proteins containing y-carboxyglutamic acid resi-
dues. It is also one of the major noncollagenous bone matrix proteins. The functions of
OC are regulation of the maturation and mineralization of bone at the late stage and bone
remodeling (22,23). BSP (70-80 kDa) is a highly sulfated, phosphorylated, and gly-
cosylated protein that mediates cell attachment to the matrix through the RGD (Arg-Gly-
Asp) motif (24). BSP has been hypothesized to play arole in bone mineralization, where
its high degree of negative charge could function in calcium sequestration or in hydroxya-
patite crystal nucleation (25). OPN (approx 60 kDa) is a secreted glycoprotein in both
phosphorylated and nonphosphorylated forms. OPN also contains an integrin-binding
RGD (26-28). OPN receptors include two families of proteins, integrins (ovf3, o1,
ovP5 [29], a9B1 [18], and a4dB1 [30]) and CD44 (31), which are ubiquitous, multi-
structural, and multifunctional transmembrane glycoproteins that mediate cell-cell and
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cell-matrix interactions (32). OPN is involved in regulating bone formation and the
remodeling of mineralized tissues and mediating cell migration (33).

Many articles have reported that these bone-specific proteins are involved in cancer
skeletal metastasis. For example, OC expressed in prostate cancer could serve as a
chemoattractant for recruiting osteoblasts and stimulating bone remodeling (34).
Overexpression of BSP protein in normal or cancer cells could enhance their attachment
to osteoblasts and osteoclasts and stimulate osteoblast differentiation (35-37). OPN
stimulates anchorage-independent growth of human prostate cancer cell lines (27). The
amounts of BSP and OPN in serum were elevated in colon, breast, prostate, and lung
cancers (38). Plasma OPN levels were associated with tumor burden and survival in
patients with metastatic prostate cancer (39). Fedarko and co-workers (40) suggested that
BSP and OPN interact with Factor H on the surface of cancer cells, leading to the evasion
of complement-mediated attack. These data collectively suggest that the increased
expression of the bone-specific proteins OC, BSP, and OPN in prostate tumor cells
promotes acquisition of bone-like or osteomimetic properties and escape from immune
system surveillance when migrating and invading the skeletal microenvironment, thus
enabling cancer cells to grow and survive under highly restrictive circumstances.

How is the bone-related gene expression turned on in cancer cells? The expression of
OC, BSP, and OPN is regulated by various factors, including soluble protein factors
(transforming growth factor [TGF]-J3, basic fibroblast growth factor [bFGF], insulin-like
growth factor [IGF]-1, IGF-II, tumor necrosis factor [TNF]-o,, and BMPs) (41-45), 1, 25-
dihydroxyvitamin D3 (46,47), glucocorticoids (48,49), parathyroid hormone (PTH) and
parathyroid hormone-related peptide (PTHrP) (50-54), prostaglandin E2 (55), and cyclic
AMP (cAMP) (53,56-58). These regulators stimulate osteoblast-specific genes through
cAMP-dependent protein kinase A (PKA) (50,53,55,57), the protein kinase C (PKC)
pathway (43,52), and mitogen-activating protein kinase (MAPK) signaling pathways
(42,52,59).

Many nuclear transcription factors that bind to their cognate cis-acting elements on
OC, BSP, and OPN promoter regions have also been identified. These nuclear proteins
are Runx2 (47,60,61),MSX2 (61,62),SP1(47), AP1(47,63),DIx-5 (64),and CREB (55).
Runx?2 (Cbfal/AML3) is an osteoblast-related transcription factor with an important role
in bone development and differentiation (60,65,66). This transcription factor binds a cis-
acting element, OSE2, in the target genes of OC, BSP, OPN, and type I collagen
(47,60,61,67-69). In addition to Runx2 overexpression in bone metastatic prostate can-
cer cells (47), high levels of the bone-specific OC, BSP, and OPN proteins were also
observed in aggressive cancer cells. Hence, the actions of these nuclear transcription
factors on the initiation of osteoblast-specific gene expressions might be the molecular
basis for switching the phenotype of prostate epithelial cells to become bone-like and
undertake skeletal metastasis.

The expression of the bone-specific proteins OC, BSP, and OPN is upregulated in
aggressive skeletal metastatic prostate specimens and bone metastatic prostate cancer
cell lines, which is one of the critical steps to cause prostate tumor cells to acquire bone-
like properties. Figure 1 depicts the important regulatory steps that control prostate
cancer cell osteomimicry. Increased insight into the molecular basis of prostate cancer’s
osteomimetic properties could lead to future treatments for bone metastasis. Novel pre-
ventive and therapeutic strategies can be designed to target these soluble factors, signal-
ing pathways, and nuclear transcription factors as a cancer therapy.
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Fig. 1. Osteomimicry and epithelial-mesenchymal transition (EMT) in prostate cancer correlates
with progression of tumor cells toward an invasive and metastatic phenotype with propensity
toward colonization of bone. Osteomimicry is triggered by soluble growth factors from the stroma
that act on normal epithelial cells leading to upregulation of the bone-specific proteins osteocalcin,
bone sialoprotein, and osteopontin. This allows the cancer cells to escape immune surveillance and
successfully colonize the bone microenvironment. Soluble growth factors as well as insoluble
matrix proteins such as collagen can also induce EMT in normal epithelial cells, leading to
downregulation of cell adhesion-associated proteins, such as E-cadherin, and upregulation of
mesenchymal proteins, such as vimentin, Snail, osteopontin, and N-cadherin among others, result-
ing in increased invasion and migration. EMT has also been associated with a change in morphol-
ogy from an epithelioid to a more elongated fibroblasticlike shape.

3. EPITHELIAL-MESENCHYMAL TRANSITION

Epithelial-mesenchymal transition (EMT) was first described by developmental
biologists in terms of the morphological changes epithelial cells undergo at specific sites
during embryonic development, resulting in more migratory cells (70). In mammals,
EMT occurs during gastrulation, limb formation, and organogenesis of the lungs, kid-
neys, gut, and heart. EMT is involved in the formation of parietal endoderm, mesoderm,
and definitive endoderm at the primitive streak during gastrulation (71,72). In addition,
EMT leads to the transition of dorsal neural epithelium into neural crest cells and sub-
sequent migration and differentiation into various cell types such as neurons and glia of
the peripheral nervous system, pigment cells, and connective tissue in the heart, face, and
neck (73,74).

In vivo studies have shown that during EMT, polarized epithelial cells expressing
keratin intermediate filaments, desmosomes, and adherens junctions switch off genes
encoding cell adhesion proteins and modify the type of intermediate filaments expressed,
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as they acquire mesenchymal characteristics such as vimentin expression, synthesis of
extracellular matrix molecules such as fibronectin and certain types of collagen, and a
flattened phenotype. These cells subsequently become more migratory, express gelatinase
and invasive activity, and traverse underlying basement membrane. Following EMT, cells
can differentiate into other cell types or revert back to an epithelial cell (70,75,76).

It is important to note that not all EMTs undergo all the changes listed, but EMT is
always associated with cell migration. It has been widely reported that epithelial tumor
cells also undergo an EMT phase reminiscent of embryonic development. This involves
loss of epithelial characteristics and acquisition of mesenchymal markers as the cells
become more invasive and metastatic (76—78). During neoplastic growth and develop-
ment, tumor survival can be related to an EMT process by which tumor epithelial cells
switch their phenotype toward the development of functional vascular endothelium
(“vasculogenic mimicry”’) under hypoxic conditions, possibly through the activation of
HIF-10 transcription factor (79,80).

What initiates EMT? Signals originating from outside the epithelial cell can induce
EMT. This includes extracellular matrix molecules such as collagen, soluble factors such
as epidermal growth factor (EGF), scatter factor/hepatocyte growth factor (SF/HGF),
and members of the TGF-f and FGF family (81). These molecules can lead to a signaling
cascade whereby signals are transduced from the cell surface to the nucleus, resulting in
transcriptional regulation of specific genes. Because complex interactions between stro-
mal and epithelial/tumor cells exist, the question arises as to whether EMT represents a
coordinated response to instructive cues derived from stroma or whether EMT is a
response to the intrinsic factors produced by a reactive epithelium.

Cancer studies have yielded some interesting clues. TGF-P can play dual roles in
cancer; it acts as a tumor suppressor in primary tumors by inhibiting cell proliferation,
but stimulates growth and invasion as the tumor progresses. Indeed, many epithelial
tumors overexpress TGF-f3 and it has been found to act in both an autocrine manner on
the tumor cells as well as a paracrine manner to modulate the stroma (82). The reactive
stroma can be formed in response to TGF-f3 secreted by both tumor epithelium and host
stroma and it could lead to increased local inflammatory reaction such as lymphocyte
infiltration and angiogenesis. The stroma reaction promotes subsequent tumor cell
growth, invasion, motility and survival and increased angiogenesis that triggers the
metastatic cascade (78,83,84). Using a colon carcinoma spheroid model, Bates et al.
found that activated macrophages produced TNF-a and could trigger autocrine TNF-o
production by the tumor cells themselves, and, subsequently, accelerated TGF--medi-
ated EMT (85). It seems that EMT is the result of a complex interplay between epithelial
and stromal cells, mediated by soluble factors that could be produced under a positive
feedback loop that fuels cancer progression (Fig. 1).

Crucial questions with relevance for therapeutic intervention are whether TGF-[3-
induced EMT occurs in most or all metastatic carcinomas and whether reversing EMT
by promoting the mesenchymal-to-epithelial transition (MET) can reverse the malignant
phenotype of cancer cells. Several genetic mouse models seem to support this idea,
although residual metastases still occur after antagonizing TGF-3-receptor signaling; it
remains to be clarified whether this is the result of TGF-B-receptor independent pathways
or is a consequence of participating host immune surveillance (86).

The canonical Ras pathway has been shown to be important for EMT both in vitro and
in vivo. The Ras effect is mediated by several distinct pathways. For example, activation
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of the MAPK pathway is required for EMT in EpH4 mammary epithelial cells in vitro and
in nude mice. In addition, activated MEK, an activator of MAPK, and Rac, a member of
the Rho GTPase family, can induce EMT in a bladder carcinoma cell line (87). Certain
master genes have been described that can regulate the entire EMT process. These include
Fos transcription factor, which can induce EMT via a Wnt-like pathway, and Snail
transcription factor, which can downregulate E-cadherin (76). Loss of E-cadherin
expression can also result in EMT. In fact, the majority of epithelial cancers are charac-
terized by the loss of E-cadherin expression either by silencing mutations in the gene or
transcriptional repression (76).

How does the EMT signal result in cell motility? This is probably the result of growth-
factor-induced changes in the actin/myosin motility machinery (76). Growth factor sig-
naling might affect the Rho GTPase family, leading to cytoskeletal reorganization and
altered cell motility. Alternatively, integrin engagement by extracellular signals might
regulate various effector molecules such as paxillin, which can result in modulation of
the actin cytoskeleton (76). An important distinction needs to be made to differentiate
scattering from EMT. Scattering refers to cell cultures on plastic treated with growth
factors, inhibitors, or inducible oncogenes that lead to a fibroblastoid shape, redistribu-
tion/decreased expression of E-cadherin, and a migratory pheonotype but no increase of
the mesenchymal genes within 48 h (87). This effect is dependent on cell type and
involves MAPK, phosphoinositide 3 kinase (PI3K), and the Rac and Rho GTPase signal-
ing pathways. For complete EMT to occur, at least 4—6 d of exposure to several signals
is necessary. [t might occur more efficiently in certain cell types, and in some cases three-
dimentional (3D) culture conditions might be required (87).

Epithelial-mesenchymal transition in prostate cancer is arelatively unexplored area.
Prostate cancer cells have been shown to overexpress TGF-1, which stimulates angio-
genesis and metastasis and inhibits immune responses directed against tumor cells,
thus promoting cancer growth (88). Untergasser et al. have shown that treatment of
human prostate epithelial cells with TGF-B1, TGF-2, and TGF-3 led to increased
expression of the mesenchymal marker vimentin after 24 h, suggesting that EMT had
occurred (88). Zhau et al. (89) observed increased invasion and growth of human
prostate PC-3 cells following transfection with c-erbB2/neu, which corresponded with
their ability to overexpress vimentin. A different study by Putz et al. revealed that
disseminated tumor cells recovered from the bone marrow of patients with cancer of
the prostate, breast, lung, and colon coexpressed cytokeratin and vimentin, indicative
of EMT (90). However, unlike established EMT models in breast cancer (91), up to now
there are no good EMT models that can be used to evaluate the prostate cancer meta-
static cascade.

Although EMT has been studied widely in vitro and in vivo, some discrepancy
remains as to how exactly to describe it, because the requirements to induce EMT in
vitro or in vivo can differ, and it is often difficult to recapitulate in vitro experiments
in vivo. Thus, itis not surprising to find studies that vary in their stringency for defining
EMT. Overall, EMT occurs as a tumor progresses and involves loss of epithelial mark-
ers such as E-cadherin, gain of mesenchymal markers such as vimentin, and cytoskeletal
rearrangements that result in increased cell motility as a cancer becomes more invasive
and metastatic. Changes in genes involved in EMT could potentially be used to predict
metastatic outcome. The genes involved in EMT could also be regarded as a new class
of targets for therapy.
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4. THERAPEUTIC TARGETING

The host microenvironment could participate actively in the rather inefficient but
nonrandom metastatic process by which cancer cell variants evolve increased growth and
survival advantages via tumor—stroma interaction at primary or secondary sites of tumor
growth. The molecular processes associated with this interaction have been reviewed in
the context of a reciprocal cancer cell-microenvironment interaction that facilitates the
development of osteomimicry and EMT, both of which are likely to participate in the
metastatic cascade of prostate cancer cells.

Men with advanced prostate cancer often develop debilitating metastatic disease for
which there is no effective therapy, but an increased understanding at the molecular
level of osteomimicry and EMT might be the key to novel therapeutic developments.
Figure 2 shows possible points of interference that could trigger the reversal of these
biochemical and behavioral changes in cancer cells and their microenvironment,
restoring the phenotype (but not the genotype) of cancer cells. These strategies include
the following:

1. Targeting intracellular transcription factors. Based on the requirement of Runx2 (Cbfal/
AML3) for osteomimicry and HIF-10. for vasculogenic mimicry, these two transcription
factors could be excellent therapeutic targets.

2. Targeting growth factors and their receptor signaling. TGF-3 and IGF-I/bFGF have
been associated with EMT and osteomimicry and are potentially attractive therapeutic
targets. Additional novel mediators in the tumor—stroma communication that determines
osteomimicry are being evaluated by our laboratory and others and could yield interest-
ing therapeutic effects.

3. Targeting the extracellular matrix (ECMs) at the interphase between tumor and stroma.
The promotion of osteomimicry and EMT by collagen I, mediated by integrin 021,
and the development of new blood vessels through the expression of ovP33 reveal new
targeting opportunities using designed antibodies or peptides (92,93).

4. Targeting bone turnover. Once prostate cancer cells acquire bone-like properties, they
can participate actively in osteoclastogenesis and new bone formation (94-96). Thus,
new therapeutic drugs that interfere with bone turnover, including bisphosphonates,
OPG, and endothelin receptor antagonists such as Astrasenten, could interfere with the
growth of prostate cancer in bone, although they are not likely to be effective in targeting
local tumor growth and soft tissue metastasis because of the different mediators involved
in tumor-stroma interaction (95).

5. Targeting matrix metalloproteinases (MMPs). The interrelationship between stroma
and epithelium involves critical participation by MMPs that activate invasion and
colonization of cancer cells in bone (97). Studies using prostate and other cancer
models reveal the role of MMPs in cancer progression driven by cancer-associated
stroma (97,98) and inflammatory macrophages (99) and are often associated with
EMT and osteomimicry.

Although the above molecular targeting strategies might be revealed by the study of
osteomimicry and EMT, they closely parallel current therapeutic developments intended
to block tumor angiogenesis (RGD peptide and thalidomide), selective bone targeting
(Astrasenten, bisphosphonate, and OPG), and cancer invasion (MMPs). Further novel
therapeutic strategies can present themselves for development after further dissection of
the molecular steps involved in osteomimicry and EMT in prostate cancer.
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Fig. 2. Possible therapeutic targets that might be used to reverse the biochemical and behavioral
changes in cancer cells and their microenvironment include (1) various transcription factors that
contribute to cancer progression, including Runx2, which promotes osteomimicry, and HIF-1a,
which has been implicated in vasculogenic mimicry, (2) growth factors such as TGF-} and IGF-
I/bFGF that have been associated with EMT and osteomimicry, (3) integrins such asa2f31, which
promotes attachment to collagen I during osteomimicry and EMT, and av3, which mediates
development of new blood vessels, (4) bone-like proteins and endothelin receptor on prostate
cancer cells that have metastasized to bone and on osteoblasts, which could be targeted by
bisphosphonates, OPG, and endothelin receptor antagonists such as Astrasenten, and (5) MMPs
that are important for invasion through the extracellular matrix (ECM) and subsequent coloniza-
tion of bone.
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1. INTRODUCTION

A considerable amount of clinical and experimental data has shown that proteolytic
enzymes affecting the composition and function of the extracellular matrix (ECM) and
cell surface molecules appear to be essential for the metastatic process. Certain structural
changes of the ECM accompany cell migration during physiological tissue remodeling
and tumor cell invasion. The ECM forms basement membranes that modulate cell adhe-
sion, cell motility, and the selective exchange of molecules between cells and interstitial
fluids. In mediating immune surveillance, inflammatory cells routinely cross this barrier.
Matrix metalloproteinases (MMPs) are a family of zinc-containing endopeptidases that
share structural domains and have the capacity to degrade ECM components as well as
to alter biological functions of ECM macromolecules (/). The specific proteolytic targets
of MMPs include many other proteinases, proteinase inhibitors, clotting factors, chemo-
tactic molecules, latent growth factors, growth-factor-binding proteins, cell surface
receptors, as well as cell-cell and cell-matrix adhesion molecules (2—-/0). ECM frag-
ments of laminin, collagen, and fibrin also have biological roles in modulating inflam-
matory cell infiltration and cell proliferation. Such activities further underscore the
importance of immune-cell-derived matrix-degrading enzymes, such as MMPs, during
tumor growth and metastasis.

From: Cancer Drug Discovery and Development
Bone Metastasis: Experimental and Clinical Therapeutics
Edited by: G. Singh and S. A. Rabbani © Humana Press Inc., Totowa, NJ

87



88 Part I / Fundamental Concepts

Immune cells are important sources of MMPs and utilize these enzymes to mediate
extravasation into tissues during inflammation (/7). The net effect of a mixture of active
MMPs is determined by their substrate specificity, cellular sources, area of distribution,
and the type and level of their regulatory proteins (/7). Under normal physiological
conditions, MMP transcripts are generally expressed at low levels, but these levels rise
rapidly when tissues are locally induced to undergo remodeling (/2,13), at which time,
MMPs likely serve specialized roles to sustain homeostasis. Cancer cells can orches-
trate the activity of various proteases, receptors, and polypeptide inhibitors, channeling
all of them in the invasion process. In addition, recent studies emphasize not only
soluble factors but also cell-matrix and cell-cell interactions as key factors in the
regulation of MMPs. This chapter details the structures, functions, and regulatory
mechanisms of MMPs and presents an overview of the biological activities of immune-
cell-derived MMPs in tumor progression.

2. CLASSIFICATION OF THE MATRIX METALLOPROTEINASE FAMILY

Matrix metalloproteinases have a descriptive name and an MMP number. The nomen-
clature does not accurately reflect the actual number of enzymes because MMP-4, MMP-
5, and MMP-6 have been eliminated owing to duplication (/4). The MMPs are organized
into three major functional groups, in part based on substrate specificity: the interstitial
collagenases (MMP-1, MMP-8, and MMP-13), which act on collagen types I, I1, and III,
the stromelysins (MMP-3, MMP-10,and MMP-11) with specificity for laminin, fibronec-
tin and proteoglycans, and the gelatinases (MMP-2 and MMP-9), which most effectively
cleave type IV and V collagen (15,16). This classification is somewhat arbitrary because
the physiological substrates are still a matter of debate. The substrate specificity of distinct
MMPs has been determined by their ability to degrade various components of the ECM in
vitro. It is now recognized that there is some functional overlap between members of the
MMP family, although direct evidence for the proteolytic activity of MMPs in vivo is still
limited (/7). Because an overlap of substrate specificity might exist among the different
proteolytic pathways, several enzymes may be operational simultaneously in a tumor and
actin a cascade-like manner. Therefore, taken together, the MMPs can degrade most ECM
components, whether by aredundant action on similar substrates, or by a cooperative effect
of several MMPs on distinct components.

Matrix metalloproteinases share a common domain structure, although not all domains
are represented in all family members (/8). Domains located on either side of the cata-
lytic core define the substrate affinities, which are used to categorize the MMPs into their
subfamilies. In general, MMPs share a pre-domain, which is a signal peptide for secre-
tion, a pro-domain to maintain latency, a catalytic domain containing a highly conserved
zinc-binding site, ahingeregion, and a C-terminal domain also known as ahemopexinlike
domain (/9). Two family members, MMP-2 and MMP-9, have a gelatin-binding domain
containing three fibronectin type Il repeats inserted into the catalytic domain. Five
members, known as membrane-type matrix metalloproteinases (MT-MMPs), have a
carboxyl-terminal transmembrane domain after the hemopexin domain. They reside on
the cell surface, in contrast to the other family members, which are secreted as pro-
enzymes into the extracellular milieu (20). MMPs are functional at neutral pH and are
produced by a variety of cells including fibroblasts, neutrophils, eosinophils, macro-
phages, T-cells, chondrocytes, and osteoblasts.
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3. REGULATION OF MATRIX METALLOPROTEINASE ACTIVITY

The modeling, disassembly, and remodeling of connective tissue matrices by one or
more MMPs involves secretion and proteolytic activation of the precursor MMPs. Tran-
scription of MMP genes can take place on demand in response to growth factors (such
as epidermal growth factor [EGF], fibroblast growth factor [FGF], and platelet-derived
growth factor [PDGF]) (21,22), cytokines, hormones, chemical agents (phorbol esters,
actin stress fiber-disrupting drugs), physical stress, cellular transformation, and compo-
nents of infectious pathogens, among others (23). Enhanced MMP gene expression can
be downregulated by suppressive factors, which include transforming growth factor-3
(TGF-P), retinoic acids, and glucocorticoids (24-28). TGF and insulin-like growth factor
(IGF) are components of the ECM, where they are both linked to corresponding binding
proteins. Proteolytic remodeling of the ECM might favor the release of TGF and IGF
from their receptors, influencing cell functions and MMP production (29,30).

There are two known in vivo mechanisms of MMP inhibition. The first is o,-macro-
globulin, a large protein (approx 750 kDa) produced by the liver (/). The second, more
specific, mechanism of inhibition is a family of proteins known as tissue inhibitors of
metalloproteinases (TIMPs) that comprises four members (TIMP-1, TMP-2, TMP-3, and
TMP-4). TIMPs are specific endogenous inhibitors of MMPs that form noncovalent-
binding complexes in a 1:1 stoichiometry with pro-forms and activated forms of MMPs
and inhibit enzymatic activity. Although TIMPs bind tightly to most MMPs and are
highly similar in their quaternary structure, their tissue distribution, regulation, and func-
tion are diverse, suggesting that each TIMP can have a specific physiological role. Simi-
lar to MMPs, TIMPs are also regulated by a network of different signaling molecules.
TIMPs can also inhibit the MT-MMPs, however, unlike soluble MMPs, MT-MMPs
exhibit significant differences in affinities for the various TIMPs (20).

Matrix metalloproteinases are synthesized and secreted as inactive zymogens; they
share an N-terminal inhibitory pro-peptide sequence with a cysteine (Cys) that chelates
the zinc (Zn*) ion and keeps the enzyme in a latent pro-form (/2). Various factors can
activate MMPs via a conformational change that disrupts the Cys-Zn?* binding (cysteine
switch) and leads to intermediate activation followed by autocatalytic cleavage of the
pro-peptide from the core protein that renders the enzyme fully active (37,32). In vivo,
most pro-MMPs are likely to be activated by tissue or plasma proteinases. Using
transgenic mice deficient in urokinase-type plasminogen activator (uPA), Carmeliet and
colleagues have suggested that the uPA—plasmin system is a pathophysiologically signifi-
cant activator of pro-MMPs (33). Furthermore, MMPs and plasma proteases can regulate
one anothers activity by degrading their respective inhibitors. MMP-12, MMP-7, and the
stromelysins are able to degrade the serine protease inhibitor (serpin) at1PI (34-36). Con-
versely, plasmin has proteolytic activity against MMP inhibitors such as TIMP-2 (37).

Although not all MT-MMPs are fully characterized, there is evidence that one of their
functions is to localize and activate secreted MMPs. The activation of pro-MMP-2 is
thought to take place primarily on the cell surface. Recent studies propose that this
activation process requires both active MT1-MMP and the TIMP-2-bound MT1-MMP.
The C-terminus of pro-MMP-2 forms a noncovalent complex with TIMP-2, whereas the
free part of MT1-MMP can remove the pro-domain portion of the molecule (38,39). Full
activation of pro-MMP-2 is achieved by a second cleavage event in which the interme-
diate MMP-2 species is autocatalytically processed to the fully active enzyme (40). The
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MTI1-MMP/TIMP-2/pro-MMP-2 complex (41-43), referred to as the ternary complex,
only occurs at low TIMP-2 concentrations relative to MT1-MMP to permit availability
of enough inhibitor-free MT1-MMP to initiate pro-MMP-2 activation (44). This dual
function of TIMP-2 is both a controversial and intriguing issue. In all, the action of MMPs
can be regulated at the level of gene transcription, translation, and secretion of latent
enzyme, pro-enzyme activation, and inactivation by endogenous inhibitors. Under physi-
ological conditions, the activity of MMPs is tightly regulated to prevent excessive pro-
teolytic activity and tissue destruction.

4. IMMUNE CELLS AND MATRIX METALLOPROTEINASE EXPRESSION

Components of the inflammatory environment include monocytes, macrophages, B-
and T-lymphocytes, neutrophils, eosinophils, and mast cells. Each of these cells has dis-
tinct functions in inflammation and in the restoration of homeostasis (45,46). Although
specialized in their multiple effector functions, these cells may interact with each other in
order to modify such activities as the expression of surface receptors, the production of
inflammatory cytokines, or the level of activation. The production, secretion, and activa-
tion of MMPs by immune cells follows cell-specific patterns of representation. MMPs
prepare vascular and immune tissues for macrophage and T-cell adhesion, facilitate the
secretion of membrane-bound cytokines, and enable extravascular tissue access. Which
MMPs the macrophage will produce depends upon its level of differentiation and on tight
regulation by many physiologic, pathologic, and pharmacologic stimuli (47-51). Mac-
rophages have been shown to secrete MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9, as
well as aunique elastase designated MMP-12 (48,50-58). Neutrophil-derived MMPs, such
as MMP-8 and MMP-9, play a key role in the degradation of ECM constituents during
inflammatory diseases (59—62). Neutrophils have beenfound to release a soluble factor that
can activate endothelial cell MMP-2 independent of cell-cell contact (63). MMP-9 in
neutrophils can be prepackaged in granules prior to activation; thus, it can be present
without detectable de novo synthesis during inflammatory responses involving neutrophils
(62). Furthermore, MMP-12 has been shown to cleave o;-antitrypsin, releasing a 4-kDa
fragment that is chemotactic for neutrophils (64). T-Cells predominantly secrete the
gelatinases MMP-2 and MMP-9, after B1-integrin- or vascular cell adhesion molecule
(VCAM)-1-dependent stimulation by cytokines and inflammatory mediators (65-69).
Leukocyte extravasation requires the secretion of MMPs, which allows leukocytes to
penetrate through the basement membrane and into the tissue stroma (70,71). It is likely
that gelatinase expression facilitates T-lymphocyte traffic across subendothelial basal
lamina, because MMP inhibitors have been observed to inhibit the migration of resting
T-cells across a basal lamina equivalent in vitro (67). Furthermore, stimulation of T-cells
with interleukin (IL)-2 and IL-4 increases both cell migration as well as MMP-2 and
MMP-9 production (68,69,72,73) and enhances their migration across reconstituted base-
ment membranes. Invasive leukocytes have been shown to constitutively produce substan-
tial quantities of MMPs, and recent studies suggest that MMP-9 inactivates the primary
physiologic inhibitor of leukocyte elastase, o4-proteinase inhibitor (o, PI [0, -antitrypsin]);
this step is central to leukocyte migration (74). Taken together, these studies suggest a role
for MMPs in the process of immune cell recruitment to the site of inflammation.

Unlike other MMPs, which are expressed or released in response to injury, disease, or
inflammation, MMP-7 is expressed by noninjured, noninflamed exocrine and mucosal
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epithelium. Thus, this enzyme likely serves a common homeostatic function among
epitheliaand several observations implicate arole for MMP-7 in innate immunity (75,76 ).
All tissues in which MMP-7 is constitutively expressed are more available to the external
environment and, hence, are vulnerable to bacterial exposure. Bacterial exposure is a
potent and relevant process that controls MMP-7 expression and activation in human and
murine epithelial tissues, suggesting a novel role for micro-organisms in the regulation
of this MMP (75-78). An important common role of mucosal epithelium is to function
as an active barrier against the external environment, and the secretion of antibiotic
peptides (defensins) by epithelial cells appears to be an important component of innate
immunity. MMP-7 was found to regulate the activity of defensins in internal mucosal
defense (78), thus aiding mucosal immune cells by regulating the level of active antimi-
crobial peptides. Stromal—epithelial interactions are complex and can involve paracrine
factors, ECM interactions, and cell—cell contact.

4.1. Cytokines and Chemokines

In the context of immunity, MMPs function not only as effectors of tissue remodeling
but also interact with the cytokine and chemokine networks. Chemokines are produced
primarily by leukocytes and have been implicated directly and indirectly in the genera-
tion of immunity as well as specific antimicrobial/fungal activity during inflammation
and disease. The role of chemokines in the recruitment of neutrophils, monocytes, and
lymphocytes into inflammatory sites has been described by anumber of laboratories (79).
The cleavage of various chemokines by MMPs can modify their functional properties and
limit their bioavailability and activity to target foci of inflammation. This can then ensure
the localization of the responding immune cells to restricted sites and allow a migratory
immune cell to actively orchestrate its own fate, as it traverses into extravascular spaces,
by tailoring ECM composition to facilitate its passage and its response to a given inflam-
matory stimulus (80,81). The biological activities of chemoattractants might augment
inflammatory processes in concert with the ECM environment, thereby fine-tuning the
duration and intensity of the immune response as needed.

In addition to this regulatory effect of MMPs on cytokines and chemokines, the latter
are often involved in MMP regulation. Inflammatory mediators such as TNF-o/f3 and IL-
10/B modulate the expression and regulation of MMPs via different pathways (68, 70, 82—
86). For example, they have been shown to induce the expression of MMPs in human
macrophage cells (87). Many of these agents, such as TNF-o.and several interleukins, are
themselves upregulated in epithelial cells in response to bacterial infection (88). They
have been shown to stimulate lymphocyte motility and are secreted by a number of
different cell types in response to acute inflammatory stimuli. Macrophage colony-stimu-
lating factor (M-CSF) is one of the several factors known to regulate the survival (89),
proliferation (90), differentiation, and accumulation of mononuclear phagocytic lineage
cells (91,92). MMP gene expression in macrophages can be controlled by the relative
levels of M-CSF and granulocyte—macrophage colony-stimulating factor (GM-CSF)
(93), because GM-CSF was found to stimulate expression of MMP-12, whereas M-CSF
repressed MMP-12 in murine macrophages (5/). Zhang and colleagues reported that
whereas TNF-o, GM-CSF or IL-1B when added individually stimulated only MMP-9
and TIMP-1, the combination of GM-CSF with TNF-o. or IL-1f, or all three cytokines,
induced the synthesis of MMP-1 and caused a further increased production of MMP-9
and TIMP-1 (94).
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The susceptibility of the pro-inflammatory cytokine IL-1[ to degradation by MMPs
introduces a new important aspect in understanding the progression of inflammation
and tissue damage, because IL-10. is also an inducer of MMP gene transcription (95).
While normal tissues contain little MMP activity, the production of pro-MMP-1, pro-
MMP-3, pro-MMP-7, and pro-MMP-9 is enhanced by IL-1[ secreted from activated
macrophages and many other cell types. These MMPs are synthesized and secreted
from cells as inactive precursors, but once activated, they can control the activity of
IL-1B but not IL-10.. It is notable that the major type of IL-1 found in rheumatoid syno-
vium is IL-1 (96).

In contrast, inflammatory mediators can act as inhibitors of MMP production, as
demonstrated by the ability of interferon-y (IFN-y), IL-4, and IL-10, progesterone, and
corticosteroids to suppress MMP synthesis (49,68,97-102). 1t has been well estab-
lished that macrophage chemotactic protein-1 (MCP-1) is chemotactic for monocytes,
but TNF-o could regulate such movement by rapidly downregulating the expression of
CCR?2, the chemokine receptor for MCP-1 (103,104). The relative amounts of intact
and cleaved MCP-3 that are present after pathophysiological cleavage regulates
chemotaxis and the extent of inflammation. Identification of the importance of MMP-2 in
the pathophysiological processing of MCP-3 (8) reveals the intersection of two distinct
pathways that regulate the extracellular environment and the inactivation of a cytokine
in vivo by MMP activity. Growing evidence also suggests that the same cytokines that
influence MMP expression not only associate with the ECM components but are also
subject to enzymatic processing by these enzymes (95,105,106). Collectively, these
findings suggest that cytokines such as TNF-o could serve not only in activating
circulating immune cells but also in modulating their behavior when cells are in the
context of an inflamed ECM microenvironment (84). Therefore, it is clear that the
interaction of MMPs with cytokines and chemokines provides a self-attenuating net-
work to dissipate pro-inflammatory activities and determine the extent of connective
tissue degradation.

4.2. Cell-Cell and Cell-Matrix Interactions

Recent studies emphasize not only soluble factors but also cell-matrix and cell—cell
interactions as initiators in the expression of MMPs. MMPs are also known to solubilize
cell-surface and matrix-bound factors that can then act in an autocrine or paracrine
manner to influence cellular properties such as growth, death, and migration. Studies
have indicated a role for direct cell-cell contact in potentiating MMP expression, notably
MMP-1 and MMP-9 in monocytes (107,108) and T-lymphoma cells (109,110), as well
as mast cell-T—cell contact (1/1). Mast cells were found to degranulate in response to
direct contact with activated T-cells as well as to produce tumor necrosis factor-o
(TNF-o) (112). Furthermore, T-cells are capable of directly inducing MMP-9 expression
in fibroblasts (//3), neutrophils (//4), and monocytes (1/07,115), through cell—cell con-
tact. As mentioned previously, MMPs are responsible for the matrix degradation required
for leukocyte extravasation during inflammation (72). They have also been shown to
mediate the release of Fas ligand (FasL) (/16) and process the inflammatory cytokine
TNF-0, releasing the biologically active form from the surface of cells (105,117,118).
The bidirectional signaling that occurs upon adhesion of T-lymphoma cells to endothelial
cells is a determinant in the production of MMP-9 and TIMP-1 in both cell types (109).
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Extracellular proteases modulate cellular behavior by altering cell surface-ECM
interactions and regulating the processing of growth factors. A possible mechanism
might be the release of growth factors from the ECM, thus favoring tumor growth in a
paracrine manner. The spectrum of MMPs is broad, including proteins involved in
homeostasis such as fibrinogen (2,5), Factor XII (7), plasminogen (3), and plasmin (4).
MMP activity has been implicated in the cleavage of E-cadherin (/179), the shedding of
L-selectin (120,121), and the hyaluronan proteoglycan receptor CD44 (122,123) from
various cells. There is evidence that inhibition of E-cadherin function can be mediated
through the shedding of its ectodomain as a result of cleavage by MMP-7 and MMP-3
(9,119). Activated human T-cells localized in atherosclerotic plaques have been demon-
strated to mediate contact-dependent expression of MMP-1, MMP-2, MMP-3, and
MMP-9 in vascular smooth muscle cells through T-lymphocyte surface molecule
CD40 ligand signaling (/24). In addition, although insulin-like growth factor-binding
proteins (IGFBPs) can confer latency on IGF-I and IGF-II, their degradation not only can
restore the activity of these growth factors but also influence the IGF-independent effect
of IGFBP on cell growth. IGFBP-1 has been identified as a potential physiological
substrate for MMP-11 (7125). Collectively, the actions of MMPs demonstrate their sig-
nificance in governing inflammatory responses not only by creating a trail for immune
cells to migrate into inflamed tissues but also by modifying the contextual molecules that
affect cell behavior and enzyme secretion itself (84). Thus, MMP activity on nontradi-
tional substrates could exert a biological impact on inflammatory processes that is as
profound as the effects caused by ECM degradation (80).

Interleukin- 1P and TNF-o have a number of overlapping biological effects, including
the increased expression of intercellular adhesion molecule-1 (ICAM-1) and VCAM-1
by endothelial cells (ECs), which promotes increased adhesion to capillary ECs and
extravasation. ICAM-1 is implicated in a broad range of transient cellular interactions
that regulate leukocyte homing, activation, and effector functions. Thus, the interaction
between ICAM-1 and its physiological ligand LFA-1 is implicated in leukocyte arrest on
endothelial cells, stabilization of cognate interactions between antigen-presenting cells
and T-lymphocytes and adhesion of cytotoxic T-cells and natural killer (NK) cells to
target organs (126,127). More directly, the shedding of ICAM-1 has been observed to
inhibit cell-mediated cytotoxicity and provide primary tumor cells, as well as tumor cell
lines, with a mechanism of defense against cytolytic T-cells and NK cells (/28-132).
Recently, the release of ICAM-1 from the cell surface has been attributed to MMP
activity (/33). Stimulation of ICAM-1 by LFA-1 has been observed to induce expression
of MMP-9 (7109). Similarly, adhesion of leukocytes to vascular ECs via VCAM-1 induces
expression of MMP-2 (134), and cell-matrix interaction via 1-integrins control MMP-
dependent migration through basement membranes (/35). These observations provide
evidence that MMPs might also contribute to tumor evasion of immune surveillance.
Thus, MMPs can inactivate or shed proteins from cell surfaces and transform membrane-
bound cytokines, cytokine receptors, and adhesion molecules to their soluble forms,
leading to potential mediation of inflammatory reactions (/2). Protease activation and
substrate cleavage can occur more rapidly than downregulation of cell surface receptor
expression, providing a potentially tighter control over specific adhesion events (/36).
Shedding of cell surface receptors, as a result of proteolytic cleavage of a portion of their
extracellular domain, could provide a regulatory mechanism that helps terminate cell—
cell and cell-ECM interactions (137,138).
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5. IMMUNE CELLS AND MATRIX
METALLOPROTEINASES IN TUMORS

In order for tumor cell invasion to successfully occur, a balance between proteases and
inhibitors is necessary. An optimal invasion phenotype requires that tumor cells have the
ability to form attachments with each other and with matrix proteins. Uninhibited matrix
degradation leading to complete dissolution of matrix proteins would not be conducive
to metastatic spread. MMPs are believed to play an important role in the sequential,
interrelated steps necessary for tumor growth and metastasis. They have the potential to
create an environment that supports the growth of primary tumors, to enhance tumor
angiogenesis and neovascularization, and to enable the disruption of local tissue archi-
tecture and penetration of connective tissue barriers which allows for the dissemination
of cancer cells (139).

It is well established that solid tumors comprise a heterogeneous population of cells.
The malignant cells are usually surrounded and infiltrated by a stromal compartment
consisting of fibroblasts, myofibroblasts, vascular endothelial cells, pericytes, macroph-
ages, lymphocytes, and neutrophils (/40—144). Stromal reactions occurring in cancer
tissues do not efficiently suppress tumour growth because of the presumptive immuno-
suppressive effects of carcinoma cells. Although, initially, it was assumed that tumor
cells were the origin of MMPs found in this environment, in situ hybridization techniques
have shown that whereas some MMPs are expressed by tumor cells, MMPs are predomi-
nantly produced by adjacent host stromal and inflammatory cells in response to factors
released by tumors (see Fig. 1) (16,19).

Among the stromal cells, the presence of macrophages is frequently noted in aggres-
sive malignant tumors, indicating a relation to the degree of tumor cell differentiation
(145-153). These tumor-associated macrophages (TAMs), which likely represent a
unique subset of macrophage cells, can enhance angiogenesis by producing growth fac-
tors (154), favoring fibrin deposition, and by releasing MMPs (50,155—160). Invading
blood vessels provide nutrition and oxygen for the malignant cell population as well as
a route for metastasizing tumor cells into the systemic circulation (/40). TAMs are now
thought to play an important role in regulating the development of new blood vessels by
producing factors that promote angiogenesis (/40,158). For example, implanted synge-
neic fibrosarcomas were observed to be markedly less vascularized when their murine
hosts were depleted of monocytes (/58). Furthermore, Leibovich and colleagues (161)
showed that TAMs and their conditioned medium could induce neovascularization in
various in vivo assays, In addition, the vascularization of tumors formed by several
human tumor cell lines in vivo has been correlated with the degree of macrophage infil-
tration (/58). Also, TAMs are the major cell type in breast carcinoma containing immu-
noreactive TNF-o0 and TNF-f receptors (p55 and p75) are upregulated in endothelial
cells as well as leukocytes in these tumors (/62,163). Interestingly, the systemic admin-
istration of relatively specific macrophage toxins, such as silica, carrageenen, and trypan
blue, reduces the size of primary murine tumors but enhances growth of metastases
(156,164-166).

Whereas MMPs, secreted largely by stromal cells, commonly facilitate tumor progres-
sion, their proteolytic cleavage products might inhibit angiogenesis and, thus, limit meta-
static growth by the generation of antiangiogenic agents (/67). This was first apparent
with the isolation of angiostatin from the urine of mice with Lewis lung cell (LLC)
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Fig. 1. Schematic representation of the various roles of MMPs. During the development of primary
tumors, metastatic spread, and growth of tumors at secondary sites, MMPs have significant func-
tional overlap and, therefore, the actions that take place at one stage of tumor growth or develop-
ment might play a role in the other stages. Furthermore, fragments of matrix proteins released by
MMP proteolysis can further act as chemoattractants for distantimmune cells and, thus, participate
in a feedback loop to modulate protease production and leukocyte recruitment.

carcinoma (/69). Angiostatin, a plasminogen cleavage product, inhibits EC proliferation
and thereby angiogenesis (3) and is believed to be responsible for maintaining LLC
metastases in a dormant state. Dong and colleagues demonstrated that the generation of
angiostatin in the LLC model was not caused by tumor cell proteinases but, rather, was
associated with the presence of macrophages in the primary tumor, presumably the result
of the production of MMP-12 by the macrophage cells (/69). It has recently been shown
that MMP-3, MMP-7, MMP-9, and MMP-12 can generate angiostatin from plasmino-
gen, indicating that their expression in peritumoral areas could, in fact, serve to limit
angiogenesis and, therefore, inhibit tumor growth and invasion (3,/68-170). In addition
the ability of MMPs to degrade and inactivate IL-13 (95) and cleave the precursor of
TNF-0, leaving a biologically active form (/05,171) indicates that MMPs and TIMPs
might regulate the availability and activity of inflammatory cytokines at the site of tumor
invasion. Whalen (/72) has suggested that tumor-derived signals might be misconstrued
by immune cells, as those signals normally present at sites of inflammation, and in their
efforts to heal the perceived wound, these cells might inadvertently aid tumor growth.
Thus, the contribution of macrophage cells to angiogenesis must depend on the fine
regulation and balance of proangiogenic and antiangiogenic factors (173,174).

The expression of MMPs in tumors is regulated in a paracrine manner by growth
factors and cytokines secreted by tumor-infiltrating inflammatory cells as well as by
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tumor or stromal cells. Recent studies have suggested that continuous crosstalk takes
place between tumor cells, stromal cells, and inflammatory cells during the invasion
process (175—178). For example, tumor-derived MMPs, such as MMP-9, are able to
induce the proteolytic cleavage of IL-2R (the receptor essential for the proliferation of
T-cells), thereby suppressing signaling and the proliferative capability of cancer-encoun-
tered T-cells (i.e., tumor-specific cytotoxic lymphocytes) (179). MMPs, in this case also
MMP-9, activate TGF-[3 (180), an inhibitor of the T-lymphocyte response against tumors
(181), thereby promoting tumor invasion. An example of the manner in which the action
of MMPs may promote tumor progression via evasion of mechanisms of
immunosurveillance is seen from the effect of their degradation of tumor-derived o,-PI
(182). Here, the cleavage of o;-PI, principally by MMP-11, results in the generation of
the carboxyl-terminal fragment o, PI-C. o;PI-C has been shown to enhance the growth
and invasiveness of tumor cells in nude mice. It has been hypothesized that this molecule
can modulate the activity of tumor—host immune reactions, principally the activity of NK
cells (182).

Studies using transgenic models demonstrate that TIMP-1 expression in vivo can
either increase or decrease tumor invasion in a tumor-cell-specific manner (/83,184). It
is possible that TIMP overexpression is the host response to tumor invasion in an attempt
to control MMP activity and retain ECM integrity. However, there are indications that
TIMPs can have growth stimulatory activity on certain cell types, including lymphoma
cells and tumors of various origins (185, 186). Consistently, gelatinases have been found
to be upregulated at the advancing edge of invasive malignancies, where they are
coexpressed with MT1-MMP and TIMP-2 and with some ECM proteins, suggesting their
interaction in cancer cell invasion and metastasis (/87-189). In this regard, it is notewor-
thy that certain invasive tumors express high levels of stromal TIMP-2, which were found
to be associated with malignant parameters (/90). In particular, studies using in situ
hybridization provided evidence for a predominantly stromal-cell-associated production
of MMP-2 mRNA (/91-196). Once the protein is secreted, it becomes bound to the
invasive front of the tumor cells, where it is localized to the surface of the tumor cells
themselves (191,194,197-201). It is also possible that host-derived MMP-2 binds mem-
brane-bound molecules such as MT-MMP (202) or integrin o, 35 (203) at the surface of
tumor cells and, thus, localizes MMPs at sites proximal to important ECM ligands that
would facilitate cellular invasion. An explanation as to why the peritumoral stromal cells
express MT1-MMP, MMP-2, and MMP-9 might be that both the tumor cells and the
stromal cells contribute to a different part of the metastatic cascade. The tumor cell MMPs
could contribute to the invasive growth of the tumor, whereas the stromal elements
contribute to the remodeling process and the desmoplastic reaction that occurs in the
tissue adjacent to the tumor (204). In general, the induction of MMPs in the stroma within
tumors and in adjacent normal tissue represents a direct or indirect host response to the
presence of tumor cells.

6. CONCLUSION

With the extensive new information provided in the field of MMP research over the
past several years, researchers have begun to acquire a better appreciation of the sig-
nificance of the proteolytic and destructive potential of the MMP family in biology and
pathology. The interactions of tumor cells with their microenvironment determine
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many of the essential factors that will impact the fate of the tumor cells. MMPs contrib-
ute to the malignant process by their ability to promote the degradation of a variety of
biologically relevant molecules that are not limited to ECM compounds. Instead, these
molecules include a growing family of MMP substrates, among them cytokines, growth
factor receptors, and cell—cell and cell-matrix adhesion molecules. It is likely that the
activity of MMPs on nonmatrix substrates yields the critical response required for
tumor progression. Although the expression of MMPs in malignancies has been widely
studied and debated, the specific role of distinct immune-cell-derived MMPs in the
progression of cancer might be more complex than previously assumed. Various stud-
ies are currently investigating the selective roles of protease families in specific tumors.
Also, relevant are the interesting aspects of the cooperation between classes of pro-
teases and proteolytic cascades, as well as the hierarchical relationship between indi-
vidual MMPs and cells, cytokines, and chemokines of the immune system.
Consequently, further studies could reveal many new pathophysiological implications
of MMPs in their regulation of immune cells, cytokine and chemokine networks, and
matrix proteolysis during the metastatic process.
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1. INTRODUCTION

Metastasis is the spread of cancer cells from a primary site, resulting in the estab-
lishment of secondary tumors in distant locations (/-3). Certain types of cancer have
organ-specific preferences for metastatic growth, and breast and prostate cancers often
preferentially metastasize to bone (2,3). In fact, it has been estimated that the majority
of breast and prostate cancer patients who succumb to their disease will have bone
metastases at the time of death (4,5). Bone metastasis has significant clinical and
quality-of-life implications for cancer patients, including severe bone pain, increased
susceptibility to fractures, bone deformability, neurological impingement, hypercalce-
mia, and compromise of bone marrow function (reviewed in refs. 6-8).

In order for cancer cells to metastasize to bone, they must successfully complete a
series of sequential steps. These steps include dissemination of tumor cells from the
primary tumor into the bloodstream (a process called intravasation), survival and migra-
tion in the circulation, arrival in the bone marrow sinus, extravasation into the bone
marrow cavity, and colonization and growth in the bone via interactions with bone cells
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(1,2,7,9—11). Cells can also disseminate from the primary tumor through the lymphatic
system, although the lack of direct flow from the lymphatic system to the bone marrow
means that cancer cells escaping via this route must still enter the arterial system in order
to be distributed to the skeleton (3,12). The movement of tumor cells within and between
secondary sites is not random; rather, it depends to a large extent on the location of the
primary tumor relative to the body’s natural pattern of blood flow. For example, tumor
cells that enter the circulation from most parts of the body (e.g., liver, breast, prostate,
bone) are carried by the systemic venous system directly to the heart and then circulated
to all organs of the body via the systemic arterial system (3, /0). However, meta-analysis
of a series of autopsy studies by Weiss (/3) documented that for breast and prostate
cancer, there were greater numbers of bone metastases present than would be expected
based solely on blood-flow patterns. A number of theories have been proposed to explain
the propensity of certain types of cancer cells to preferentially metastasize to specific
secondary sites such as bone. The most central of these theories is the “seed and soil”
theory of metastasis, first proposed in 1889 by Paget (3,14,15). Paget predicted that a
cancer cell (the “seed”) can survive and proliferate only in secondary sites (the “soil”’) that
produce growth factors appropriate to that type of cell. The bone microenvironment is
richly vascularized and contains cells that can produce and/or regulate many of the
molecular factors utilized by breast and prostate tumor cells for survival, adhesion,
migration, invasion, and growth. This suggests that the bone might provide a fertile “soil”
for the establishment of metastases (/6). The contribution of one of these molecular
factors, the phosphoprotein osteopontin (OPN), is the topic of this chapter.

Osteopontin is one of the most abundant noncollagenous proteins in bone, and it plays
an important role in bone development, bone remodeling, and regulation of bone homeo-
stasis (/7). OPN is also involved in a number of other normal and pathologic conditions,
such as mammary gland development, lactation, vascular remodeling, immune reactiv-
ity/inflammation, renal disease, and cancer (reviewed in refs. /8 and /9). OPN can be
produced by many types of cells, including bone cells (osteoblasts, osteocytes, osteo-
clasts), fibroblasts, inflammatory cells, endothelial cells, and tumor cells (17,20). Clini-
cal studies have demonstrated that OPN is overexpressed by many human cancers, and
in some cases, this is associated with cancer progression (/9-23). In particular, ithas been
shown that there is a strong correlation between elevated OPN levels in patients with
breast or prostate cancer and increased tumor aggressiveness, increased tumor burden,
and poor prognosis/survival rates (24-27).

The OPN protein contains several highly conserved structural elements including
heparin- and calcium-binding domains, a thrombin-cleavage site, a CD44-binding site,
and an RGD (Arg-Gly-Asp) integrin-binding amino acid sequence (/8). Based on the
presence of these domains, it is not surprising that experimental studies have shown that
the importance of OPN lies in its ability to interact with a diverse range of factors,
including cell surface receptors (integrins, CD44), secreted proteases (matrix
metalloproteinases, urokinase plasminogen activator), and growth factor-receptor path-
ways (transforming growth factor-a/epithelial growth factor receptor [TGF-o/EGFR],
hepatocyte growth factor [HGF]/Met, vascular endothelial growth factor [VEGF]). These
complex signaling interactions canresultin changes in gene expression, which ultimately
lead to alterations in cell properties involved in malignancy such as adhesion, migration,
invasion, enhanced tumor cell survival, tumor angiogenesis, and metastasis (28-38).



Chapter 7 / Osteopontin and Bone Metastasis 109

Downregulation of OPN by antisense strategies results in decreased tumorigenicity of
transformed fibroblasts (39,40), whereas OPN-deficient mice injected with melanoma
cells show reduced experimental metastasis to bone and soft tissues compared to wild-
type controls (41). Taken together with the clinical observations, these experimental
studies indicate that OPN is not merely associated with cancer, but that it actually plays
a multifaceted functional role in malignancy.

2. OSTEOPONTIN AND PROSTATE CANCER METASTASIS TO BONE

Prostate cancer is the most common male cancer and the second leading cause of
cancer-related deaths in North American men (42,43), and patients with metastatic pros-
tate cancer usually have lymph node and bone involvement. Prostate cancer metastasis
to bone typically results in osteoblastic (sclerotic) lesions involving bones of the verte-
brae, the sternum, the pelvis, and other bones in the axial skeleton. The occurrence of
bone metastasis in prostate cancer patients can be identified by the presence of symptoms
such as bone pain, bone scintigraphy, and measurement of serum alkaline phosphatase,
a marker of increased osteoblast activity (44,45). However, despite the high frequency
of skeletal involvement in prostate cancer causing morbidity and mortality, the molecular
mechanisms responsible for prostatic bone metastasis remain largely unexplained.

Clinical studies in this and other laboratories have shown that OPN is overexpressed
in the blood (21,27) and tumor tissue (46,47) of prostate cancer patients. Thalmann et al.
(46) showed that increased OPN mRNA and protein expression in tumor specimens
correlated with cancer stage and the occurrence of lymph node and bone metastases.
Multivariable analysis by Hotte et al. (27) demonstrated that OPN levels in the blood of
prostate cancer patients positively correlated with the occurrence of bone metastasis and
negatively and independently correlated with survival. Blood OPN levels were also
positively correlated with surrogate measures of bone tumor burden, such as increased
serum alkaline phosphatase levels and the need for palliative treatment. Experimentally,
it has been shown that treatment of cultured prostate cancer cells with OPN can influence
Ca?* signaling (48), proliferation (49), and anchorage-independent growth (46). These
clinical and experimental studies provide strong evidence that there is an association
between increased levels of OPN and prostate cancer progression, and they suggest that
OPN might play a functional role in prostate cancer metastasis to bone.

3. OSTEOPONTIN AND BREAST CANCER METASTASIS TO BONE

Breast cancer is a leading cause of morbidity and mortality in women (42,43), mainly
because of the propensity of primary breast tumors to metastasize to distant sites such as lymph
nodes, lungs, liver, brain, and bone (2,3,5). Breast cancer metastasis to bone is predominantly
osteolytic but may be osteosclerotic or mixed, and is accompanied by severe bone pain,
osteoporosis, fractures of the long bones, spinal cord compression, and hypercalcemia. The
severe impact on patient quality of life and the long clinical course of the disease (the median
survival of patients diagnosed with solely bone metastases is significantly longer than the
average survival with metastases at multiple sites) (5) highlights the need for a better under-
standing of the causative mechanisms of breast cancer metastasis to bone.

We and others have found that OPN levels are elevated in the blood (217,24,25) and
primary tumors (20,25,26,47,50,51) of patients with breast cancer, and in some cases, this
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hasbeen correlated with poor prognosis and survival (24-26). Singhal et al. (24) observed
that metastasis to bone and other sites was associated with increased levels of circulating
OPN in patients’ blood, and a number of other studies have demonstrated that OPN
mRNA and protein is expressed in tissue specimens of clinical bone metastases from the
breast (25,47,50,51). In experimental models of breast cancer, enhanced expression of
OPN has been associated with increased malignancy and metastasis (3/,32,34,37,38,52—
54). Mouse models utilizing intracardiac injection of human breast cancer cells to target
the bone demonstrate that the resultant bone metastases express high levels of OPN
(53,54). In functional studies, we have shown that transfection of breast cancer cells with
endogenous OPN or treatment with exogenous OPN can result in increased malignant
cell behavior, including enhanced adhesion, migration, invasion, and metastasis. This
OPN-mediated malignancy is largely dependent on its interaction with other factors such
as integrins, proteases, and growth factor-receptor pathways (29,31,32,34,37,38). Addi-
tionally, we have found that breast carcinoma cells of higher in vivo malignancy not only
tend to express more OPN but might also be more responsive to OPN (37).

The above-described studies provide strong circumstantial evidence that OPN is
involved in bone metastasis during breast and prostate cancer progression. However, the
molecular mechanisms by which OPN might functionally contribute to this process
remain largely hypothetical. Before discussing these potential mechanisms, it might be
helpful to first review what is known about the cellular and molecular aspects of normal
bone homeostasis and the disruptions that occur during bone metastasis.

4. MOLECULAR MECHANISMS OF BONE METASTASIS DEVELOPMENT

The performance of normal bone function (i.e., support of hematopoiesis, mainte-
nance of blood calcium levels, and support and protection of soft tissues) requires con-
tinuous tissue renewal, called bone remodeling, to occur throughout the skeleton. A
delicate and tightly regulated balance between bone destruction (“resorption”) and bone
formation is, therefore, required for maintenance of bone homeostasis and function. The
cells that are responsible for bone resorption are hematopoietically derived and are called
osteoclasts. Bone-forming cells, called osteoblasts, are derived from the mesenchyme
and are responsible for rebuilding the resorbed bone via development of new mineralized
bone matrix. Bone resorption and bone formation are “coupled” by feedback mecha-
nisms that are regulated by a number of different molecular factors (reviewed in ref. 55).
The occurrence of bone metastasis results in dysregulation of this coupling, which ulti-
mately favors either bone formation (osteoblastic metastasis) or bone resorption
(osteolytic metastasis). However, the concept that there are basically two separate types
of bone metastasis is probably too simplistic because there is evidence that both osteo-
blastic and osteoclastic components are activated in most bone metastases (8,56—58). The
mechanisms that disrupt normal bone resorption and formation during bone metastasis
are largely unknown, although differences in the growth factor milieu within the bone
microenvironment can influence different metabolic changes that lead to the final shift
in homeostasis favoring the development of clinically detectable lytic or sclerotic lesions
(47,58).

Before tumor cells can begin to mediate these alterations in the bone, they must leave
the primary site via the bloodstream, survive in the circulation, invade into, migrate
through, and survive in the bone microenvironment and initiate adhesive interactions



Chapter 7 / Osteopontin and Bone Metastasis 111

with bone cells (7,2,7,9,16). Tumor cell secretion of proteases such as urokinase plasmi-
nogen activator (uPA) and matrix metalloproteinases (MMPs) allows invasion through
the basement membrane and access to the metastatic site, as well as facilitating growth
factor release from the extracellular matrix (59,60). Expression of integrins (in particular,
ovP3) by either tumor cells or bone cells is believed to be important in facilitating
migration and adhesion (61,62). A number of studies have examined specific molecular
factors thought to be involved in the development of osteoblastic bone metastasis during
prostate cancer progression. It is believed that the production of growth factors such as
epidermal growth factor (EGF), insulin-like growth factor (IGF), platelet-derived growth
factor (PDGF), TGF-f, and bone morphogenic proteins (BMPs, members of the TGF-f3
family) by prostate cancer cells in the bone microenvironment can stimulate osteoblast
activity and induce new bone formation as well as promote tumor cell growth (reviewed
inrefs. §and 63). In addition, proteases such as uPA and PSA (prostatic-specific antigen)
can activate latent growth factors and inactivate parathyroid hormone-related peptide
(PTHrP), a key mediator of bone resorption (8,64,65). The production of growth factors
by prostate cancer cells can, thus, act in both an autocrine and a paracrine manner to
stimulate tumor cell proliferation and new bone formation, ultimately resulting in the
development of osteoblastic bone metastases.

The major pathway thought to be involved in osteolytic bone metastases is the receptor
activator of nuclear factor-kB ligand (RANKL) system (8,61). PTHrP and other factors,
including PTH and the cytokines interleukin (IL)-11, IL-6, and IL-1, can be produced by
breast cancer cells to stimulate the production of RANKL by osteoblasts and bone stro-
mal cells. RANKL then binds to its receptor, RANK, on osteoclast progenitor cells and
stimulates osteoclast differentiation and bone resorption. PTHrP also downregulates the
expression of osteoprotegrin (OPG), a decoy receptor that blocks RANKL from binding
to RANK. The production of osteoclast-stimulating factors such as PTHrP by breast
cancer cells in the bone microenvironment results in osteolysis and a subsequent release
of sequestered growth factors from the bone matrix, which, in turn, can stimulate tumor
cell proliferation (reviewed in refs. 8 and 61). TGF- is one of the growth factors released
during bone resorption, and TGF-f has been shown to increase PTHrP production by
tumor cells, thus stimulating more bone resorption (61,66,67). This cyclical and mutually
beneficial relationship between breast cancer cells and osteoclasts results in a net effect
of disruption in bone homeostasis favoring bone degradation and growth of the tumor
cells into osteolytic bone metastases. Clinical studies have shown that PTHrP expression
in primary breast tumors can be correlated with the development of bone metastases,
although not with standard prognostic factors, recurrence, or survival (68). Interestingly,
breast cancer cells seem to express higher levels of PTHrP when they are present in the
bone, as opposed to visceral metastatic sites such as lung (69,70). This observation
underlines the importance of tumor—bone interactions in the development of osteolytic
bone metastasis.

It has long been recognized that the ability of tumor cells to develop and maintain a
metastatic phenotype is reliant on factors intrinsic to each tumor cell, factors intrinsic to
the host environment, and the complex interactions between the two. This concept of a
tumor—host microenvironment seems to be particularly relevant to bone metastasis
(7,16,71). It is likely that both tumor-cell-derived OPN and host-cell-derived OPN (i.e.,
from the bone matrix, bone cells, immune cells, and vascular endothelial cells) are
important to the process of bone metastasis, although the relative importance and contri-
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Fig. 1. Contribution of OPN to the development of bone metastasis. This schematic is a hypo-
thetical representation of how OPN might help tumor cells to both respond to and influence the
bone microenvironment. Sources of OPN might include the bone matrix, osteoblasts, osteo-
clasts, and the tumor cells themselves, as well as other host cells such endothelial cells and
immune cells. As discussed in the text, OPN-mediated molecular crosstalk between itself and
other tumor-derived and host-derived factors such as integrins, proteases, and growth factor—
receptor pathways has the potential to influence tumor and bone cell behavior through multiple
different signaling pathways.

bution of each remains poorly understood. However, a growing number of studies have
supplied evidence of possible mechanisms by which OPN can contribute to the establish-
ment of bone metastasis during breast and prostate cancer progression. These mecha-
nisms, discussed next and represented schematically in Fig. 1, might be active atanumber
of steps during the metastatic process, including survival, invasion, migration, adhesion,
angiogenesis, and growth.
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5. PROPOSED MOLECULAR MECHANISMS
OF OPN DURING BONE METASTASIS

5.1. Influence of OPN on Tumor Cell Survival

After dissemination from the primary tumor, one of the first requirements of a success-
ful metastatic tumor cell is survival in the circulation. This survival requires that the cell
can overcome two types of challenges: physical challenges from hemodynamic shear
stresses in the circulation and biological challenges from host antitumor immune
responses (3,10). One of the primary defenses that the host employs is the production of
reactive oxygen species (i.e., nitric oxide, OH, and O,") by activated monocytes, mac-
rophages, or endothelial cells upon contact with the tumor cell, a process called oxidative
burst. This can result in the death of both the tumor cell and the host cell as a result of the
inactivation of critical metabolic pathways. One of these reactive oxygen species, nitric
oxide (NO), is a nitrogen radical that is the product of nitric oxide synthase (NOS).
Inducible nitric oxide synthase (iNOS) is the enzyme responsible for producing NO in
response to extracellular stimuli (reviewed in ref. 72). Studies have shown that OPN can
inhibit induction of iNOS, suggesting that OPN may play arole in tumor defenses against
the immune system (28,73,74). It is possible that tumor cell secretion of OPN might
promote metastasis by protecting the tumor cell against NO produced by vascular cells
or immune cells in the circulation and/or the bone microenvironment.

Another possible contribution of OPN to tumor cell survival has been suggested by
Koenemanetal. (75), who hypothesized that in order for tumor cells to survive in the bone
microenvironment, they must become “osteomimetic.” That is to say, a switch of tumor
cell gene expression toward a bone-like phenotype (i.e., expression of OPN and other
bone proteins) must occur in order to facilitate survival and reciprocal cellular interac-
tions between tumor cells and bone cells, ultimately allowing tumor cells to successfully
establish themselves as metastases in the bone.

Finally, OPN has been shown to regulate cell-death-suppression signaling in breast
cancer cells via interactions with the owvP3 integrin (76). This suggests that autocrine
effects of OPN-awv[33 interactions could protect tumor cells in the circulation and/or that
adhesive interactions between tumor cells expressing ovf33 and bone cells expressing
OPN might provide a survival advantage to tumor cells in the bone. The importance of
these integrin-mediated interactions is discussed in further detail next.

5.2. Interaction of OPN With Cell Surface Receptors

Integrins are a family of dimeric transmembrane receptors comprised of o~ and -
subunits. At least 24 different heterodimers can be formed by noncovalent associations
between 18 o.- and 8 B-subunits, and each heterodimer can bind a variety of class-specific
ligands, including extracellular matrix proteins (i.e., laminin, vitronectin), E-cadherin,
and OPN. Integrin-ligand interactions can induce activation and clustering of the focal
adhesion complex (FAC), which serves to assemble structural and regulatory proteins
such that they can mediate cytoskeletal shape and migration and create a framework for
the association of signaling molecules. Integrins can coordinate with proteases and growth
factor pathways to activate a number of intracellular signaling cascades, consequently
altering gene expression and influencing a dynamic range of cellular processes, including
migration, proliferation, differentiation, survival, and angiogenesis (reviewed in refs. 77
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and 78). During normal bone remodeling, there is evidence that osteoblast differentiation
and bone mineralization can be negatively modulated by the otv33 integrin (79) and that
OPN might be involved in osteoclast-mediated bone resorption via binding to owv(33 (80).

Various integrins have been shown to have prognostic value for a number of human
cancers, and depending on the stage of tumor progression, some integrins could be
upregulated or downregulated (87). In particular, increased expression of the ovf33
integrin has been observed in a variety of metastatic cancers, including those of the breast
and prostate (62,81,82). The expression of awvP3 has been observed to be increased in
more aggressive primary breast tumors, invasive breast cancer cell lines, and breast
cancer bone metastases (82—84) and has been shown to be important in experimental
models of breast and prostate cancer metastasis (§5-87). Recently, an elegant study by
Bakewell et al. (88) demonstrated that knockout mice deficient in the B3 integrin subunit
are resistant to bone metastasis after intracardiac injection of tumor cells. The otvB3 integrin,
via binding to bone matrix proteins such as vitronectin, bone sialoprotein (BSP), and OPN,
has been observed to mediate breast cancer cell adhesion and migration to bone (89). A
study by Zheng et al. (90) showed that otvP33 is expressed by the invasive prostate cancer
cell line PC-3 and by primary prostate adenocarcinoma cells, although not by noninvasive
LNCaP prostate cancer cells or by normal primary prostate epithelial cells. The authors of
this study also observed that the expression of av33 promotes a migratory phenotype in
prostate cancer cells through activation of the FAK signaling pathway. Other studies have
shown that exogenous OPN can stimulate integrin-mediated growth of prostate epithelial
cells with high proliferative potential (49) and induce o:v33-dependent Ca>* signaling in
cultured PC-3 prostate cancer cells (48). It is believed that Ca* signaling in tumor cells is
important for the regulation of proliferation, invasion, and metastatic potential (917).

We have observed that OPN-induced breast cancer cell adhesion, migration, invasion,
and metastasis occur viaintegrin-dependent mechanisms (29,34, 38). Interestingly, breast
epithelial cells of differing degrees of malignancy utilize different cell surface integrins
in this process. We found that nonmetastatic 21NT breast epithelial cells migrate toward
OPN in an avB5- and avB1-dependent fashion and, in fact, do not express owvf33. In
contrast, highly metastatic breast cancer cells such as MDA-MB-435 cells do express
ovPB3 and migrate toward OPN in an owvP3-dependent fashion (34,38). These findings
suggested that differential integrin utilization might be an important component of OPN-
mediated metastatic ability in breast cancer cells. Stable transfection and overexpression
of B3 in the nonmetastatic 2INT cells conferred upon these cells a more aggressive
phenotype via an enhanced ability to respond to OPN both in vitro and in vivo (38).
Although we or others have notinvestigated the importance of OPN—integrin interactions
in specific models of bone metastasis, our studies provide evidence that increased otv33
integrin expression could contribute to breast cancer metastasis in general, by making the
tumor cells more responsive to the malignancy-enhancing effects of OPN.

One of the most fascinating aspects of the OPN/owv[33 story is the fact that both OPN
and owvPB3 can be produced either by tumor cells or by bone cells, suggesting several
possible scenarios of OPN involvement in the promotion of bone metastasis. For example,
expression of ovP33 by the tumor cells would allow them to interact with OPN produced
within the bone matrix, hence mediating tumor—bone interactions. However, along the
same lines of reasoning, tumor-cell-derived OPN could also interact closely with ov(33
expressed on the surface of osteoclasts in order to mediate osteolytic bone resorption. The
fact that highly metastatic tumor cells express OPN suggests that tumor-derived OPN is
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important to the metastatic process, likely viaits ability to upregulate proteolytic enzymes,
growth factors, and its own cell surface receptors, as well as by its ability to influence the
behavior of other cells in the bone microenvironment (3/-37, discussed further in the
subsequent subsections). This potential for OPN to influence bone metastasis in a variety
of different ways is particularly important, considering the inherent heterogeneity found
both within and between tumor types. It remains to be elucidated whether the specific
functional consequences of OPN—-integrin interactions on tumor cell malignancy differ
depending on the cellular source of OPN and whether these consequences are different
in osteolytic vs osteoblastic bone metastasis. However, it is clear that OPN and integrins
produced by various cell types in the bone could influence cell behavior using both
autocrine and paracrine mechanisms.

In addition to mediating cell behavior through binding to cell surface integrins, OPN
can also bind to other cell surface receptors such as CD44. The CD44 family is made up
of multiple protein isoforms generated by alternative splicing of a single-gene product.
Although there is some indication that expression of specific CD44 variants (in particu-
lar, CD44v5 and CD44v6) might be associated with the propensity for breast carcinoma
to metastasize (92), this issue remains controversial, and there is evidence that such
“high-risk” CD44 variant isoforms are rare in bony metastases (93). This notwithstand-
ing, it has been shown that bone cells (osteoblasts, osteocytes, and osteoclasts) can
express CD44 (94) and that the interaction between OPN and CD44 in the normal bone
microenvironment is important for osteoclast motility (via integrin-mediated mecha-
nisms) and bone remodeling (95,96). It has also been demonstrated that OPN can induce
CD44v6 protein expression and promote cell adhesion of tumor cells in an integrin-
dependent manner (97). Interestingly, CD44v6 has been shown to be required for HGF
activation of its receptor Met in rat and human prostate carcinoma cells (98), and we
have observed that activation of Met by OPN in breast carcinoma cells is integrin-
dependent (34, discussed in the following subsections). Therefore, although further
studies are clearly required to determine if or how the interaction of OPN and CD44 can
influence bone metastasis, the observation that both tumor cells and bone cells can
express these molecules suggests that binding of OPN to CD44 could mediate tumor—
bone interactions in ways similar to those discussed for integrins.

5.3. Interaction of OPN With Proteases

Increased expression of proteolytic enzymes such as uPA and members of the MMP
family has been observed in many human cancers and has been positively correlated
with tumor progression (99,100). These proteases provide cells with the ability to gen-
erate localized proteolytic activity at the tumor—host interface in order to mediate cell
invasion and migration through the extracellular matrix (ECM). Additionally, associa-
tion between these proteases and cell surface integrins (and the resulting induction of
intracellular signaling cascades) has been linked to increased malignant cell behavior,
including tumor cell adhesion, migration, invasion, and proliferation (reviewed in refs.
59 and 60). During bone metastasis development, it is believed that proteases such as
uPA and MMPs utilize both direct proteolytic mechanisms (i.e., breakdown of the bone
matrix) and indirect nonproteolytic mechanisms (i.e., signaling through integrins and/
or the release of sequestered growth factors from the bone matrix, which promote tumor
growth) in order to potentiate invasive cellular events that allow tumor cells to establish
themselves and grow in the bone (8,61,101).
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Clinical studies have shown that the expression of uPA in tumor tissue can be posi-
tively correlated with the occurrence of bone metastasis in prostate cancer patients (/02)
and that expression of uPA in disseminated tumor cells recovered from the bone marrow
of breast cancer patients can be associated with poor prognosis (/03). In cultured breast
cancer cells, we have shown that OPN (either transfected or added exogenously) can
upregulate the expression and enzymatic activity of uPA and that OPN-mediated breast
carcinoma cell migration and invasion is uPA dependent (31,32). A study by Fisher et al.
(50) reported increased levels of tumor-derived uPA and its receptor uPAR in clinical
tissue specimens of primary human breast carcinoma and its bone metastases. This study
also showed increased levels of OPN in primary malignant tumors and bone metastases
specimens, suggesting a possible interaction between OPN and the uPA system during
bone metastasis development. Interestingly, it was observed that the majority of OPN
expression in the bone metastases was localized to the stromal cells rather than the tumor
cells, although some OPN was expressed by the tumor cells themselves. It has been
postulated that crosstalk between tumor cells and bone cells in the bone microenviron-
ment could cause an increase in bone cell OPN (18). Combined with our experimental
findings, the observations by Fisher and colleagues suggests the possibility that both
host-cell-derived OPN and tumor-cell-derived OPN might be influential in upregulating
uPA production by tumor cells in order to mediate invasion into the bone matrix and the
release of growth factors into the bone microenvironment.

The expression of MMP-2 has been associated with clinical disease progression to
bone metastasis in prostate cancer patients (/04), and MMPs have been shown to be
important for bone turnover and tumor cell growth in an experimental model of prostatic
bone metastasis (/05). Other experimental studies have shown that inhibitors of MMPs
are effective in reducing bone metastasis burden in prostate and breast cancer models
(106,107). Although the relationship between MMPs and OPN and their joint involve-
ment in bone metastasis development requires further investigation, a number of studies
suggest that OPN-mediated changes in malignant behavior (i.e., alterations in cellular
adhesion, migration, and invasion) might involve MMPs. We have not seen consistent
upregulation of MMPs in breast cancer cells in response to either exogenous or endo-
genous OPN. However, the possibility that MMPs might be linked to OPN-mediated
cell invasion is supported by the observation that OPN can induce MMP-2 activation in
some cell types (35,708). In addition, MMP-3 and MMP-7 have been shown to be
capable of cleaving OPN, and the resulting OPN cleavage product has increased bioac-
tivity in terms of promoting cell migration and integrin-dependent cell adhesion (709).
Finally, the finding that both MMPs (1//0) and uPA (111) can be localized to the cell
surface by interactions with integrins that could also bind OPN suggests that molecular
crosstalk between OPN, integrins, and proteases might be one mechanism by which
OPN promotes metastasis to the bone and elsewhere.

5.4. Interaction of OPN With Growth Factor-Receptor Pathways

The availability of active growth factors in the bone microenvironment is essential for
bone metastasis development, although the mechanisms by which these factors act might
be different in osteoblastic vs osteolytic metastasis. For example, during osteoblastic bone
metastasis, the growth factor requirements for prostate tumor cells and osteoblasts are
remarkably similar. Growth factors such as EGF, TGF-o, HGF, IGF, and PDGF have all
been shown to be critical for both prostate cancer cell growth in the bone and the formation
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of new bone matrix by osteoblasts. During osteolytic bone metastasis, the release of seques-
tered growth factors from the bone matrix might influence tumor cells by increasing pro-
liferation and other malignant cell behaviors via interaction with cell surface receptors and
initiation of intracellular signaling cascades (reviewed in refs. 8, 16, 75, and 112).

The expression of OPN can be upregulated by a number of these growth factors,
including EGF, HGF, PDGF, TGF-3, and BMPs (18,19,113). In addition, there is evi-
dence that growth factors such as HGF can activate integrin receptors (in particular,
owvP3) and enhance OPN-mediated migration of bone cells (174). In experimental models
of breast cancer, we have found that OPN can interact specifically with the HGF/Met (34)
and EGF/TGF-o/EGFR (37) growth factor-receptor pathways. Studies from our labora-
tory have shown that integrin-dependant OPN-induced cell migration of breast cancer
cells involves activation and increased expression of the HGF receptor Met (34). OPN-
mediated cell migration also increases the expression of EGF, TGF-o, and EGFR (37),
indicating that the influence of OPN on tumor cell behavior involves a cascade of events,
including at least two growth factor—receptor pathways and multiple downstream signal
transduction pathways. Although it has not yet been shown whether these signaling
interactions hold true in prostate cancer cells and/or in experimental models of bone
metastasis, our results suggest some intriguing possibilities in terms of the importance of
OPN-growth factor interactions during bone metastasis. For example, OPN in the bone
microenvironment (be it tumor derived or bone derived) could serve to upregulate growth
factor receptors on the surface of tumor cells and/or the expression of their cognate
ligands, making them more responsive to circulating growth factors. OPN-mediated
upregulation of growth factor receptors on the cell surface of osteoblasts might similarly
be important to osteoblastic proliferation and the formation of new bone. Additionally,
the upregulation of OPN by growth factors released from the bone matrix during osteoly-
sis or by the tumor cells themselves could create a synergistic feedback mechanism
within and between tumor cells and bone cells that could conceivably contribute to both
osteolytic and osteoblastic processes.

Although the importance and participation of OPN—growth factor interactions dur-
ing bone metastasis development remains largely speculative, it is likely that the func-
tion of OPN in the bone microenvironment involves multiple interactions with the
growth factors discussed earlier as well as other interactions that have not yet been
uncovered. This idea is supported by the findings of a recent study by Kang et al. (54),
who showed concomitant expression and cooperative functionality of OPN, connective
tissue growth factor (CTGF), and the cytokine IL-11 in breast cancer cells during
experimental bone metastasis. Interestingly, combined transfection and overexpression
of OPN, CTGF, and IL-11 in cells caused a significant increase in the occurrence of
osteolytic bone metastasis relative to cells that expressed only one or two of these
factors, suggesting that a multigenic program is involved in mediating breast cancer
metastasis to bone.

6. CONCLUSION

Considerable advances have been made in the last decade toward identifying molecu-
lar factors that are important to bone metastasis development. However, further eluci-
dation of the specific mechanistic details by which these factors functionally contribute
to the metastatic process is required in order to develop effective therapeutic strategies
to combat bone metastasis. In particular, the growing evidence that tumor—host interac-
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tions are absolute requirements for bone metastasis development and the observation
that both tumor cells and host cells can produce metastasis-associated factors continues
to validate Paget’s classical theory of “seed and soil” at both the cellular and molecular
levels. The inappropriate response of tumor cells to normal host signaling and/or the
inability of the host to appropriately regulate tumor cell behavior creates a vicious cycle
resulting in the development of metastasis in the bone and elsewhere.

The importance of the tumor—host interface during bone metastasis development sug-
gests that disruption of tumor—bone interactions might be a useful therapeutic strategy.
The ability of OPN to utilize multiple different signaling pathways to facilitate interac-
tions between tumor cells and bone cells, combined with the observation that it can be
produced by both tumor cells and host cells in the bone microenvironment (Fig. 1)
suggests that OPN might be a candidate therapeutic target for the treatment and/or pre-
vention of bone metastasis. One potential strategy would be to target OPN directly using
antisense molecules or antibodies to block OPN expression and function. Alternatively,
indirect targeting via inhibition of OPN-induced molecular pathways (individually or in
combination) that are involved in bone metastasis might also be an effective approach.
For example, small-molecule antagonists that interfere with critical ligand interactions
of cell signaling receptors such as EGFR (115) and the o3 integrin (116—118) might
help to block OPN-mediated interactions between tumor and bone. Other strategies, such
as inhibition of protease activity or tyrosine kinase activity, might also be effective.
Further elucidation of the molecular details by which OPN contributes to bone metastasis
is required in order to assess (1) the prognostic value of OPN in determining disease
progression and/or monitoring of bone metastasis and (2) whether specifically tailored
therapy regimens aimed at blocking pathways activated by OPN are useful for clinical
management or prevention of bone metastasis. These studies will complement the current
knowledge about mechanisms of bone metastasis development and hopefully provide an
opportunity to improve patient quality of life.
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1. INTRODUCTION

Interleukin (IL)-11 is a pleiotropic cytokine that belongs to the IL-6 family of cyto-
kines (/). Other cytokines belonging to this family include oncostatin M (OSM), leu-
kemia inhibitory factor (LIF), cardiotrophin (CT)-1, and ciliary neurotrophic factor
(CNTF). All members of this cytokine family have their own unique o-chain receptors,
which, when occupied, initiate signal transduction via the recruitment and subsequent
homodimerization or heterodimerization of membrane-associated glycoprotein (gp)
130 (2). Members of this cytokine family, therefore, often share overlapping biological
activities and have multiple effects on both hematopoietic and nonhematopoietic cell
populations (2). For example, IL-11 has been shown to synergize with a number of
growth factors to enhance megakaryocytopoiesis (3—5) and erythropoiesis in vivo (6—
8) and to enhance both platelet and neutrophil recovery following sublethal irradiation
(9). In addition, IL-11 has been shown to stimulate the production of acute-phase
reactants and to act as an effective inhibitor of adipogenesis (/0—14). Finally, IL-11 is
secreted by both bone marrow stromal cells and mature osteoblasts, and is known to
function as a potent stimulator of both osteoclast formation and activity (15-17). As a
result, IL-11 is thought to play a role in such diverse pathologies as heparin-induced
osteoporosis (18), postmenopausal bone loss (/9), and, as reviewed in this chapter,
osteolytic bone metastasis.
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Fig. 1. Interleukin-11 expression by human breast cancer cell lines. Total RNA from various
human breast cancer cell lines was harvested and subjected to semiquantitative reverse—transcrip-
tion—polymerase chain reaction (RT-PCR) using IL-11 specific primers. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as a control for equal loading.

2. IL-11 PRODUCTION BY CANCER CELLS

Several groups have detected IL-11 expression by human breast cancers. Thus,
Selander et al. detected IL-11 transcripts in 14 of 17 tissue biopsies that they obtained
from patients with primary breast cancer (20). In addition, we have detected IL-11
expression in several commonly available breast cancer cell lines, including MDA-
MB-231, MDA-MB-157, Hs578T, MCF-7, and MDA-MB-468 cells (Fig. 1). Subse-
quent experiments using IL-11-specific enzyme-linked immunosorbent assays
(ELISAs) confirmed these later findings and demonstrated that these cell lines not only
express but also secrete IL-11. Thus, by using IL-11-specific ELISAs, we detected in
IL-11 the culture medium of these cancer cell lines at concentrations that reached as
high as 10 ng/million cells/d. Similar findings were reported by Suarez-Cuervo et al.
when they quantified the release of IL-11 into the culture medium of MDA-MB-231
cells (217). These findings suggest that primary human breast cancer cells not only
express but also secrete significant quantities of IL-11.

In addition to constitutively expressing IL-11, there is now ample evidence to suggest
that human breast cancer cells might upregulate IL-11 production when exposed to
various cytokines and/or growth factors that are normally found within the bone microen-
vironment (22-24). In accordance with this concept, we and others have shown that
human breast cancer cells increase their expression of IL-11 when treated with transform-
ing growth factor-f (TGF-f). Thus, we found that IL-11 expression was increased in a
dose-dependent manner when MDA-MB-231 cells were cultured in the presence of
increasing concentrations of TGF- (Fig. 2). These findings are in agreement with those
of Chen et al., who used oligonucleotide array expression analysis to demonstrate an 18-
fold enhancement of IL-11 message when MDA-MB-231 cells were treated with TGF-f3
(23). Similar findings have also been reported by Lacroix et al. (24). Whether other bone
regulatory factors such as tumor necrosis factor-o. (TNF-o), IL-1, or parathyroid hor-
mone (PTH) also stimulate cancer cells to produce large amounts of IL-11 is not known.
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Fig. 2. The effect of TGF-f on MDA-MB-231 expression of IL-11. MDA-MB-231 cells were
either left untreated or treated with TGF-3 for 24 h before harvesting their total RNA and subject-
ing it to semiquantitative RT-PCR using IL-11 specific primers. GAPDH was used as a control for
equal loading.

However, such factors have been shown to increase IL-11 expression in both human and
murine osteoblast-like cells (/5-17).

3. EVIDENCE THAT CANCER CELLS
STIMULATE OSTEOBLASTS TO PRODUCE IL-11

Several groups, including our own, have shown that the conditioned media from
human breast cancer cell lines can stimulate IL-11 expression in both murine and human
osteoblast cell cultures (Fig. 3) (25). Thus, we have shown that the conditioned medium
of MDA-MB-231 cells can stimulate IL-11 expression in primary cultures of murine
calvaria cells by fivefold. Similarly, Morinaga et al. demonstrated that the conditioned
media from MDA-MB-231 cells could stimulate IL-11 expression in the human osteo-
blastlike cell line SaOS-2 and that this effect was at least partially mediated by TGF-[3
(25). Whether or not other factors secreted by cancer cells can induce the expression of
IL-11 in either murine or human osteoblasts is unknown. However, studies using human
osteosarcoma cell lines and primary mouse osteoblasts have shown that a number of
factors are capable of directly inducing osteoblast expression of IL-11 (/5-17). For
example, Elias et al. demonstrated that factors such as IL-1, TGF-B, PTH, parathyroid
hormone-related protein (PTHrP), and prostaglandin E, (PGE,) are all capable of induc-
ing IL-11 expression in SaOS-2 cells (/7). Similarly, Romas et al. demonstrated that the
addition of IL-1, TNF-a., PGE,, PTH, and 1,25-dihydroxyvitamin D5 (10,,25[OH],D5) to
primary murine osteoblast cultures could also induce the expression of IL-11, both at the
protein and mRNA levels (15). However, to what extent these factors can mediate the
ability of cancer cells to induce osteoblast expression of IL-11 is not known.

4. POTENTIAL ROLES FOR IL-11 IN OSTEOLYTIC BONE METASTASIS

Several steps are thought to be critical to the metastatic spread of cancer to bone.
These include a cancer cell’s ability to: (1) respond to bone-specific growth factors
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Fig. 3. The effect of cancer cell conditioned media and TGF-f3 treatment on IL-11 expression by
primary murine calvaria cells. Primary murine calvaria cells (osteoblasts) were isolated and treated
with either MDA-MB-231 cell conditioned media or TGF-f3. Twenty-four hours later, total RNA
from the calvaria cells was harvested and subjected to semiquantitative RT-PCR using IL-11
specific primers. GAPDH was used as a control for equal loading.

(26-30), (2) respond to chemotactic factors produced within the bone microenviron-
ment (37-35), (3) adhere to bone microvasculature/stromal cells and/or matrix (36—
41), and, (4) induce the osteolysis of the bone matrix (42—45). Whether IL-11 is playing
a role in any of these processes has not been established. However, when Selander
et al. transfected human IL-11 into MDA-MB-231 cells and then inoculated nude mice
with both high- and low-expressing clones, they found that tumor burden was signifi-
cantly greater in those mice that had been inoculated with the high-IL-11-producing
clones (20). Although the mechanism for this effect is unknown, one possible expla-
nation is that IL-11 is providing a growth advantage to those cancer cells that are
expressing high levels of the cytokine.

To date, few studies have attempted to define a role for IL-11 in osteolytic bone
metastasis. As such, there have been no studies to address the issue of whether IL-11
might promote the homing of cancer cells to bone by inducing cancer cell adhesion to
either bone-derived endothelial cells or bone marrow stromal cells. In addition, few
studies have addressed whether IL-11 can act as either a growth factor and/or a chemo-
tactic factor for cancer cells when they metastasize to bone. Lacroix et al. investigated
whether IL-11 could stimulate DNA synthesis in five different human breast cancer cell
lines (MCF-7, T-47D, MDA-MB-231, Hs578T, and BT-20) (24). However, they found
that IL-11 could not stimulate cell proliferation in any of the cell lines tested. In contrast,
when Arihiro et al. investigated IL-11’s ability to facilitate the chemotactic motility of
three human breast carcinoma cell lines (MDA-MB-231, T-47D, and MCF-7), they
found that IL-11 appeared to elicit a chemotactic response in MDA-MB-231 cells when
used at supraphysiological concentrations (i.e., greater than 100 ng/mL) (46). Therefore,
although very high concentrations of IL-11 were required in order to elicit a response,
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these results do support the possibility that IL-11 might elicit a chemotactic response in
some cancers.

Perhaps one of the most important mechanisms by which IL-11 could be involved
in the metastatic spread of cancer to bone is through its potential to stimulate both
osteoclast formation and activity (/5-17). However, to our knowledge, no one has
demonstrated that cancer cells by secreting IL-11 can induce osteoclast formation
either in vitro or in vivo. Indeed, in experiments by Tumber et al., anti-IL-11 antibodies
failed to suppress the effect that MDA-MB-231 conditioned media had on
osteoclastogenesis in murine metatarsal explants (47). Why neutralization of IL-11
activity in this assay failed to have any effect on osteoclastogenesis remains unex-
plained. It might be that the constitutive expression of IL-11 by MDA-MB-231 cells
is too low to have any effect on osteoclast formation and that a significantly different
outcome might occur if the MDA-MB-231 cells were first exposed to TGF-3. How-
ever, a slightly more complicated explanation is suggested by the experiments of Kang
et al. (22). Kang et al. selected for a highly metastatic subpopulation of human breast
cancer cells by inoculating nude mice with MDA-MB-231 cells and then recovering
only those cells that had successfully metastasized to bone. By repeating this process
several times and then characterizing the various subpopulations that they obtained,
Kang et al. discovered that those cells that had a high propensity to metastasize to bone
had five genes that were highly overexpressed. These genes were, matrix
metalloproteinase-1 (MMP-1), chemokine (C-X-C motif) receptor 4 (CXCR4), con-
nective tissue growth factor (CTGF), osteopontin (OPN), and, not surprisingly, IL-11.
The authors then demonstrated that the overexpression of IL-11 alone was not suffi-
cient to induce an aggressive osteolytic phenotype. However, when IL-11 was
overexpressed with OPN in the parental cell line, a highly metastatic phenotype was
generated. Most importantly, this phenotype was also associated with a significant
increase in the number of TRAP+ multinucleated cells (osteoclasts) that were found in
the bone lesions. Because overexpression of OPN alone, like IL-11, was insufficient
to induce an aggressive metastatic phenotype, it remains unclear how IL-11 and OPN
expression together might cooperate to achieve such a change. It is possible that OPN
augments IL-11’s ability to induce osteoclast formation and activity, and that by doing
so, TGF-B is released into the bone microenvironment. The newly released TGF-f3
could then stimulate the surrounding cancer cells or osteoblasts to secrete even more
IL-11. This, in turn, might result in additional tumor cell growth and osteolysis, thus
perpetuating the cycle. This scenario typifies a classic “vicious cycle” of tumor-cell-
induced osteoclastogenesis (Fig. 4).

5. CLINICAL RELEVANCE

Given the poor prognosis that patients face following colonization of their bones by
cancer, much interest has been expressed in developing prognostic indicators that would
predict if a patient is likely to develop bone metastasis. Although the expression in
primary cancers of PTHrP was initially believed to be predictive of patients developing
osteolytic bone metastasis (43,48), arecent clinical study by Henderson et al. challenges
this belief (49). In addition, a study by Guise et al. demonstrated that the overexpression
of PTHrP in mammary tumors inoculated into the arterial circulation of nude mice resulted
in hypercalcemia, but not bone metastasis (50). Given these findings, Sotiriou et al.
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Fig. 4. Postulated mechanism by which IL-11 might be involved in osteolytic bone metastasis. We
propose that increased osteoclast formation is responsible for the osteolysis and hypercalcemia
associated with some bone metastases and that cancer cells induce osteoclast formation by either
directly or indirectly promoting the synthesis and release of IL-11. This, in turn, might further
stimulate the metastatic process by releasing chemotactic factors, and/or growth factors, such as
TGF-P, back into the bone microenvironment.

explored the possibility that IL-11 might be a better prognostic indicator than PTHrP in
determining whether a cancer might metastasize to bone (5/). Using immunohistochem-
istry and in situ hybridization techniques to study IL-11 and IL-6 expression in 99 inva-
sive primary breast biopsies, Sotiriou et al., found that a significantly higher incidence
(» =0.002) of bone metastasis occurred in those patients whose tumors expressed IL-11.
Interestingly, none of the 10 normal breast tissues sampled were positive for IL-11
expression. These findings support the possibility of using IL-11 expression as a prog-
nostic indicator for the development of bone metastasis.
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1. INTRODUCTION

When tumors progress to greater malignancy, cells within the tumor develop an
increasing ability to detach from neighboring cells and invade through surrounding tis-
sues and tissue boundaries to form new growths (metastasis) at sites distinct from that of
the primary tumor. The molecular mechanisms involved in the metastatic process are
diverse and not completely understood; however, the processes of cell-cell and cell-
extracellular matrix (ECM) adhesion and degradation of the extracellular matrix are
accepted as critical. In this chapter, we will focus on the current knowledge of the roles
of cell—cell and cell-ECM adhesions in the initiation and maintenance of metastasis at
new sites.

Tumor progression and metastasis are thought to involve a complex array of genetic
and epigenetic changes in the tumor cells that result in heterogeneity in the characteristics
of cells that are specific for different tumors and for different sites of metastasis from the
same primary tumor. These phenotypic differences can modify and be modified by the
manner in which the cell interacts with its environment, with respect to both interaction
with other cells and interaction with the ECM (/). Tumor cell detachment from the
primary tumor, cell chemotaxis, adhesion, and selective tumor growth at preferred sites
are important steps required for site-specific metastasis (2). This process is best described
by the “decathalon champion” model introduced by Fiddleretal. (3). This model describes
that the invasive/metastatic cell must escape from the primary tumor, intravasate into the
blood vascular or lymphatic system, survive in the circulation, avoid host defense mecha-
nisms, arrest and extravasate into a new site, and successfully grow at the new site (see
Fig. 1).
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Fig. 1. The sequential steps of the metastatic cascade highlighting the adhesion molecules involved
in each stage. Adhesion molecules that are involved in promoting the metastatic process exert their
effect at multiple points of the cascade, effectively regulating the final outcome of the process.

Abnormality of cell adhesion is the basis for human cancer morphogenesis and affects
the biological characteristics of human cancers. Therefore, it is not unexpected that the
clinico-pathological parameters of various cancers are quite frequently and significantly
associated with molecular events inactivating cell adhesion systems. Further understand-
ing of genetic and epigenetic events in cell adhesion systems will cast further light on the
mechanism of multistage human carcinogenesis. Moreover, it is expected that molecules
participating in such genetic epigenetic changes will emerge as the targets of new strat-
egies for prevention and therapy of multistage human carcinogenesis.

2. ADHESION MOLECULES

Over the last decade, the perception that cell adhesion molecules anchor cells to the
ECM and to each other has undergone a major transition as it has become apparent that
these molecules play a major role in cellular signal transduction, both outside-in and
inside-out signaling. By this token, they control cellular responses to various external
stimuli and, thus, play an important role in how a cell senses and interacts with its local
environment. This is true for both cells at the primary tumor site as well as at the site of
new metastasis (4). The different classes of adhesion molecule include integrins,
cadherins, selectins, members of the immunoglobulin superfamily, and hyaluronate-
binding proteins. Members from each of these families of adhesion molecules have been
implicated in carcinogenesis and/or progression.
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3. INTEGRIN ADHESION RECEPTORS IN TUMOR METASTASIS

Integrins contribute to tumor growth and metastasis in a variety of ways. These adhe-
sion receptors mediate tumor cell attachment, migration, and invasion and support arrest
of metastatic cells within the vasculature of target organs, processes that are all necessary
for successful metastasis of cancer. Cancer progression is associated with a multitude of
changes in integrin expression and functionality, which collectively mediate transition
of cancer cells from a sessile stationary cell phenotype to a disseminating migratory/
invasive cell phenotype. In this transition, tumor cells acquire specific abilities that allow
them to interact in a very dynamic manner with the ECM and with host cells within the
lymphatic system, the blood vascular system, and target organ tissue. To fully support
these processes, tumor cell integrins often cooperate with growth factor receptors, a
variety of proteases including the matrix metalloproteinases, the cytoskeleton, and intra-
cellular signaling molecules. Tumor cell integrin functions are regulated by endogenous
and exogenous mechanisms that control integrin activation by mechanisms that are not
fully understood. The activation state of the integrins directly affects the metastatic
activity of tumor cells.

3.1. The Integrin Receptors

Integrins are transmembrane glycoproteins composed of noncovalantly linked o- and
B-subunits. Combinations of 18- and 9B-chains allow formation of an array of (at least
24) integrin heterodimers, each of which supports interaction with a unique set of extra-
cellular matrix proteins and sometimes-soluble ligand proteins in a cell-type-specific
manner. Each integrin subunit spans the plasma membrane and typically possesses a
short cytoplasmic domain. Receptor diversity and versatility in ligand binding is deter-
mined by the extracellular domains of specifically paired o- and B-subunits. The intra-
cellular tail of the B-subunit can interact with focal adhesion plaques in the cell, which
are sites of interaction with the actin cytoskeleton and contain and interact with a number
of protein kinases such as focal adhesion kinase (FAK), integrin-linked kinase (ILK), Src,
and protein kinase C (PKC). Further, integrin-mediated adhesion, specifically integrin
clustering in focal adhesions at sites of cell-matrix contact, involves cytoskeletal reor-
ganization and leads to changes in cell shape. Integrin signaling has profound conse-
quences that impact not only on cell adhesive, migratory, and tumor cell functions but
also on tumor cell survival and proliferation. Intracellular signaling from integrin recep-
tors occurs in response to integrin binding to ECM proteins (outside-in signaling). In turn,
integrin signaling is controlled by intracellular mechanisms, which modulate the ligand-
binding properties of the receptors (inside-out signaling) (5-7).

When clustered in focal adhesions, integrins interact with cytoplasmic and plasma-
membrane-bound partner molecules, some of which enhance metastasis and some that
suppress metastasis. One such group of integrin-associated proteins is the tetraspanins,
afamily of glycoproteins with four transmembrane domains (8). Tetraspanins have the
ability to assemble into tightly packed microdomains, which are thought to stabilize
and control the signaling activity and special orientation of integrins within a tetraspanin
complex (9,10). These are generally categorized as metastasis suppressor genes/pro-
teins. Loss of the expression of members of the tetraspanin family of proteins has been
associated with metastasis and progression in a variety of human malignancies includ-
ing prostate, breast, and colon cancer (/7). In contrast, association of integrins with
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osteopontin, a protein that is consistently upregulated in relation to tumor progression
(12), has been shown to enhance metastasis (/3). Osteopontin appears to function as
a secreted integrin-binding protein that can also affect cell motility and proteinase
activity in an integrin-independent manner (/4).

A characteristic of malignant tumor cells is that they can upregulate their integrin
functionality not only through intrinsic mechanisms but also through aberrant response
to growth factors and, perhaps, other still unidentified stimuli. Crosstalk between integrins
and growth factor receptors adds an interesting twist to the control of integrin function-
ality and signaling during tumor progression. For example, breast cancer cells respond
to binding of heregulin-f to the endothelial growth factor (EGF) family member receptor
erbB3 with dimerization of erbB3 and erbB2. This leads to rapid and robust upregulation
of B1 integrin function and results in increased cell adhesion and migration (15). Simi-
larly, association of integrin o634 and erbB2 promotes phosphatidylinositol 3 (PI3)-
kinase-dependent tumor cell invasion (/6). The interaction between the cytoplasmic tails
of integrin subunits and growth factor receptors involves paxillin, a focal adhesion adap-
tor protein that coordinates changes in the actin cytoskeleton that are associated with cell
motility and cell adhesion (/7,18). These findings might explain the functional link
between overexpression of growth factor receptors, such as the c-erbBs, and altered
integrin-mediated adhesive, migratory, and invasive tumor cell behaviors. Alterations in
integrin-supported invasive functions can be the result of ligation of growth factor recep-
tors that likely act in concert with altered production and activity of degrading enzymes
such as the metalloproteinases (19).

3.2. Integrin Receptor Activation

Integrins can exist in distinct states of activation, and these determine ligand affinity,
can alter ligand specificity, and modulate intracellular signals resulting from integrin
ligation. Integrin activation has profound consequences on cell adhesion, migration, and
invasion. Activated integrins can endow tumor cells in many ways with crucial functions
that permit or facilitate a disseminating phenotype. In general, integrin activation con-
trols cell adhesion. Such control is particularly important in the vasculature, where
dynamic flow physically opposes tumor cell attachment (20,217). Constitutive activation
of tumor cell integrins has been suggested to promote hematogenous dissemination and
colonization of bone matrix as a target site for metastasis. In this regard, tumor cell
interaction with bone matrix proteins osteopontin and sialoprotein has been reported to
be enhanced when integrin owvP3 is activated (22,23). Evidence for this concept was
established for several tumor cell types such as breast and prostate cancer cells that
typically seed bone metastasis. Further, there seems to be a general tendency that integrin
activation promotes a more dynamic interaction of adhesion receptors with their sub-
strates. A prominent feature in this regard is tumor cell migration (22,24,25). Integrin
activation is thought to promote transition from a sessile, stationary to a migratory cell
phenotype (24).

Recently, the first integrin crystal structure was solved for the extracellular segment
of avB3 (26). Further studies has shown that the presence of a ligand bound to ovp33
resulted in tertiary and quaternary conformational changes that caused an altered orien-
tation of av relative to 3 (27). A recent molecular model for integrin oL 32 with its ligand
intercellular adhesion molecule (ICAM)-1 also supports conformational changes of the
integrin from a low-affinity to a high-affinity state (28). Thus, it appears that distinct
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functional activation states of the integrin receptors have distinct molecular conforma-
tions. Transition between these activation states and their stable expression are regulated
by intracellular constraints involving cytoskeletal elements and their adaptor molecules
(29-32), signal transduction molecules (33,34), and/or crosstalk between integrins and
growth factor receptors (35—37). They can further involve modification of the extracel-
lular integrin subunit domains by metalloproteinases (25,38).

Importantly, metastatic tumor cells seem to possess mechanisms that permanently
upregulate the activation state of key integrin receptors or which allow them to switch
to a highly activated state very quickly under specific conditions that the cell might
encounter en route to a target site of metastasis. It has been suggested that certain clonal
cell populations within the primary tumor already express such intrinsic regulatory
mechanisms and that these cells are selected during tumor progression and metastatic
dissemination. Another suggestion is that cell clones with constitutively activated
integrins or those that posses mechanisms to respond to exogenous triggers of integrin
activation evolve during tumor formation and prevail during tumor progression.

3.3. Integrins in Migration/Invasion

Migratory and invasive tumor cell functions are supported by a number of different
integrins and depend on certain matrix proteins on which the cells migrate. Increased
cell migration in metastatic tumor cells is regulated by changes in integrin expression
or by their activation state and intracellular signal processing. De novo expression or
upregulation of certain integrins, including oov3 and a3 1, is associated with a meta-
static phenotype and increased motility in a variety of cancer cells, such as melanoma,
breast, and prostate cancer (39—42). The migration supporting integrins acts in concert
with signaling proteins, cytoskeletal adaptor proteins, growth factor receptors, and
metalloproteinases for optimized motility and invasive activity. A key molecule that
is central to these processes is the focal adhesion kinase (FAK), which transmits signals
from integrin matrix contact points also referred to as focal adhesions. In migratory
cells, FAK is generally phosphorylated and activated, although in some cell types, FAK
tyrosine phosphorylation correlated with reduced migration (43). In most metastatic
cancer cell types, enhanced migration, altered integrin expression profile, and/or
integrin activation is associated with downstream FAK phosphorylation and activation
of Src (40,42—44). In addition to participating in transduction of signals from integrin
matrix interaction, FAK provides an important link between growth factor receptor and
integrin signaling pathways, which affect tumor cell migration.

Control of cell migration also depends on cytoskeletal rearrangements and an ordered
distribution of integrin molecules at the cell surface, as cells establish and detach matrix
contacts while they move forward and constantly change their shape. This process requires
the constant recycling of integrin molecules from the rear part of the cell to the leading
edge, where lamellipodia are protruding. It has been suggested that directional motility
involves, at least partially, integrin internalization at the retracting margin and their
redistribution to the front of the cell (45). To support locomotion, integrins cluster at
discrete sites of cell-matrix contact referred to as focal adhesions. At the focal adhesions,
integrins connect with elements of the cytoskeleton via adaptor proteins. Key adaptor
proteins are paxillin and the actin-binding proteins filamin and talin (/8,46,47). Paxillin,
in turn, binds to several other proteins such as vinculin and actopaxin that are involved
in controlling the organization of the actin cytoskeleton. Several of the paxillin-binding
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proteins are known to have oncogenic equivalents, such as v-Src, v-Crk, and BCR-ABL.
Itis thought that these proteins use paxillin as a docking site to perturb and perhaps bypass
normal integrin-dependent adhesion signaling pathways that are necessary for controlled
cell proliferation (48,49). The cytoplasmic tails of several integrin B-subunits bind to
filamin, each with a unique binding strength. This has direct consequences for cell
migration: Tight integrin B tail-filamin binding restricts cell migration by inhibiting
transient membrane protrusion and cell polarization (50). In contrast, strong binding of
integrin P tail to paxillin promotes cell migration (57). Thus, it has been suggested that
increased migratory propensity in metastatic cells might be achieved by changes in the
expression ratios of specific integrin heterodimers favoring o/f3 combinations that bind
less tightly to talin and more strongly to paxillin.

Growth factors and proteases provide yet another level of control of integrin-mediated
motility. For example, transforming growth factor-B1 (TGF-1) has been shown to affect
cancer cell migration and invasion by controlling the expression of a number of relevant
genes. TGF-B1 has been shown to upregulate paxillin expression in malignant astrocy-
toma cells, promoting attachment and cell spreading (52). Further, TGF-B1was shown to
promote migration in a variety of cancer cells by upregulating expression of certain
integrins, such as integrin av33 in glioma cells (53) or 581 and o331 in hepatocellular
carcinoma cells (54,55). The contribution of proteases, specifically matrix
metalloproteinases (MMPs), to tumor cell invasion has long been established (56). Pro-
cessing of ECM proteins by MMPs can profoundly alter the way the matrix is recognized
by integrins. As a result, integrin-mediated interaction of tumor cells with the processed
matrix can switch from support of firm adhesion to dynamic migration (57). Conversely,
MMPs can also directly modify integrin subunit proteins and thereby alter the functional
activation state of integrins, which can lead to increased tumor cell migration (38). All
of these mechanisms seem to be intertwined because integrin expression and ligation to
matrix, in turn, affects the production of MMPs and other matrix-degrading proteases
(25,38,58).

3.4. Integrins in Cell Survival

A very important link between integrin-mediated tumor cell migration/invasion and
the ultimately successful metastasis is that signals that induce cell invasion also promote
tumor cell survival. It has been demonstrated that tumor cells invading ECM coordinately
regulate migration and survival mechanisms through activation of the extracellular regu-
lated kinase (ERK) and molecular coupling of the adaptor proteins CAS (p130 Crk-
associated substate) and Crk (59). This association enables the transduction of external
signals into changes in cell motility and modulation of the gene expression of members
of the mitogen-activating protein (MAP) kinase cascade. Integrin-mediated cell attach-
ment to certain substrates also prevents apoptosis of cells in growth-factor-deprived
enviroment, as is often the case when a migrating tumor cell first extravasates into a new
site. In many instances, integrin-mediated cell-matrix anchorage promotes cell survival.
If cells are prevented from matrix attachment, a specific form of apoptosis called anoikis
is often induced (60). However, tumor cells might develop phenotypes that might lose the
ability to undergo anoikis and this, too, promotes successful metastasis. To further
improve the chance of survival under limiting growth conditions, tumor cells are able to
recruit new blood vessels. This process is supported by tumor cell integrins. For example,
expression of the integrin abb4 enhances translation of vascular endothelial growth factor
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VEGEF. This mechanism involves the ability of a6b4 to activate the PI3-kinase—AKT
signaling pathway (617). The resultant secretion of VEGF by the tumor cells not only
promotes angiogenesis to new tumor but also supports tumor cell growth in a paracrine
manner. Interestingly, it has been observed that apoptosis of adherent cells is mediated
by unligated integrins (62). It is understood that the cytoplasmic domain of the b-subunit
of unligated integrins recruits the apoptosis initiator caspase-8 to the plasma membrane,
where it becomes activated in a death-receptor-independent manner. When integrin liga-
tion occurs, the integrin—caspase-8-containing complex is disrupted, resulting in cell
survival (62).

3.5. Integrins in Angiogenesis

The formation of new blood vessels is essential for the successful growth of tumors and
successful establishment of metastasis. Integrins have been shown to be positive media-
tors of this process referred to as angiogenesis, a process that is necessary for the
hematogenous dissemination of tumor cells and to support the development of large
lesions at the secondary site (63). For example, migration of cultured endothelial cells on
vitronectin and collagen has been shown to be mediated by av3 and o231, respectively.
The o3 integrin is reported to bind the metalloproenase MMP-2 to promote vascular
invasion during angiogenesis (64) and its expression has been observed to be increased
in newly formed blood vessels in human wound granulation tissue and in chick chorio-
allantoic membranes treated with the positive angiogenic factor basic fibroblast growth
factor. In addition to promoting angiogenesis, the oov33 integrin has also been reported
to mediate motility and migration of cancer cells (murine melanoma) (40,65), to assist
in the arrest of melanoma and breast carcinoma cells under dynamic flow conditions
(20,21), to associate with the urokinase receptor and MMP2 in promoting an invasive
phenotype in ovarian carcinoma cells (66,67), and to enhance bone metastasis in a human
mammary carcinoma cell line (68). These observations suggest that integrins play a role
at almost every stage of the metastatic process via different mechanisms at the different
stages. Integrin expression and function in endothelial cells and tumor cells play an
important role, directly and indirectly, in tumor development and establishment of new
blood vessels that sustain and support further tumor growth and metastasis.

4. E-CADHERIN CELL ADHESION SYSTEM IN TUMOR METASTASIS

Cell—cell adhesion determines the polarity of cells and participates in maintaining
societies of associated cells called tissues. Cell—cell adhesiveness is generally reduced in
human cancers, which allows cancer cells to disobey the social order within tissues,
resulting in destruction of histological structure. This is the morphological hallmark of
the development of malignant tumors. Reduced intercellular adhesiveness is also indis-
pensable for cancer invasion and metastasis. A tumor suppressor gene product, E-cadherin
(69), and its associated proteins, the catenins, which connect cadherins to the cytoskeletal
actin filaments, are located at the lateral borders, concentrating on adherens junctions of
epithelial cells and establish firm cell—cell contact.

The cell—cell adherens junction is a specialized region of the plasma membrane, con-
nected to the actin cytoskeleton, where cadherins act as Ca?*-dependent adhesion mol-
ecules (70). Cadherins molecules are integral membrane glycoproteins with a single
transmembrane domain. The extracellular domain of E-cadherin, the major type of cadherin
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in epithelial cells, is made up of five domains. Cadherins generally interact in a homophilic
manner and, thus, E-cadherin binds selectively to E-cadherins and not other types of
cadherin. The cytoplasmic undercoat proteins associated with the cadherins are the catenins.
-Catenin interacts with cadherins through its cytoplasmic domain, which exhibits the
strongest degree of homology among members of the cadherin family. o-Catenin connects
the B-catenin—E-cadherin complex to actin filaments. Interaction between cadherins and
cytoskeletal proteins via the catenins confers stability on cell-cell adherens junctions.

The strategic position of E-cadherin at the major points of cell—cell interaction,
adherens junction, suggest that suppression of E-cadherin expression or activity may
trigger the release of cancer cells from the primary cancer tissue. Indeed, early in vitro
experiments using cultured cells revealed that E-cadherin has invasion-suppressing
properties (71,72). In fact, studies have shown that the E-cadherin gene satisfies the
criteria for tumor suppressor genes (73). The major bulk of the evidence that cadherins
are involved in the suppression of tumor invasion, and metastasis derives from analysis
of cadherin expression in tumors at various stages of differentiation and from muta-
tional analysis of cadherins in tumors. Reduced or absent E-cadherin expression has
been reported in poorly differentiated, invasive, or high-grade tumors of squamous cell
carcinoma of the head and neck, basal cell carcinoma, female genital tract tumors, and
carcinomas of the stomach, bladder, breast, colon, and lung (70). Loss of E-cadherin is
thought to initiate epithelial-to-mesenchymal transitions in epithelial cells, resulting in
increased proportion of the inherently migratory mesenchymal cells in tumors. Gener-
ally, E-cadherin expression is strong in well-differentiated cancers, which maintain
cell—cell adhesiveness and are less invasive, but are reduced, in undifferentiated can-
cers, which have losttheir cell-cell adhesion and show strong invasive tendency (74,75).
Significant correlation between abnormalities of E-cadherin expression and the clinical
outcome of patients with cancers have been reported (76). The reduction of E-cadherin
expression in tumors has been attributed to a variety of mechanisms, including muta-
tions/deletions, transcriptional regulation as a result of hypermethylation or chromatin
rearrangements (77). More recently, transcriptional repression of E-cadherin gene
expression by the DNA-binding protein snail has been noted as a frequent cause for
reduced expression of E-cadherin in invasive tumors (77). Silencing of the E-cadherin
gene by DNA hypermethylation around the promoter region occurs frequently in many
cancers, even in precancerous conditions (78,79). It is now widely recognized that
many tumor suppressor genes are silenced by hypermethylation in various human can-
cers, and correction of DNA methylation status has gained recognition as a new anti-
cancer strategy.

In diffuse infiltrating cancers, the most frequently observed condition are mutations
in the genes for E-cadherin and o.- and B-catenins (80,81 ). The tumor cells in diffuse-type
cancers are dispersed throughout the tumor mass. Immuno-histochemical examination
of these cancers normally shows a strong expression signal for E-cadherin. However, the
E-cadherin molecules are not localized at the cell membrane but are distributed through-
out the cytoplasm, suggesting that they lack cell-cell adhesive properties. These findings
suggested that inactivation of the E-cadherin cell adhesion system might also be caused
by genetic alterations. To this end, genetic alteration to o-catenin has been observed in
lung cancer cell line (82,83). This cell line regained its cell-cell adhesiveness when
transfected with wild-type o-catenin (84), providing evidence that this molecule is man-
datory for E-cadherin adhesion system. However, mutational inactivation of the o.-catenin
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gene is a rare event in vivo in human cancers. Mutations of the E-cadherin gene itself
have been detected in human cancer cell lines and in vivo (85-89). Reduced or com-
pletely undetectable expression of E-cadherin is frequently detected in poorly differ-
entiated carcinomas. The gene mutations are most often in the introns that result in
skipping of exon 9 of the gene (87). Mutations of the B-catenin gene have also been
reported to abolish cell-cell adhesiveness in carcinoma cells (90). Further, at the invad-
ing front of many invasive cancer cells, the E-cadherin adhesion system has been
shown to be inactivated by tyrosine phosphorylation of B-catenin (91). Strong tyrosine
phosphorylation of B-catenin has been observed in loosely adherent cancer cells
that had no mutations and did not show reduced expression of E-cadherin or a- or -
catenins (92). This aberrant tyrosine phosphorylation of B-catenin is catalyzed by an
oncogene product, c-erbB-2 protein, which associates directly with 3-catenin in cancer
cells (93,94). Tyrosine phosphorylation of B-catenin by c-erbB-2 is now known to be
initiated by epidermal growth factor, which has been shown to induce scattering of
cancer cell lines (95). The E-cadherin cell adhesion system also crosstalks with the
Wingless/Wnt signaling pathway through 3-catenin and therefore expression of genes,
which participate in cancer morphogenesis, may be regulated in conjunction with the
Wingless/Wnt signaling pathway (4).

In contrast to the tumor suppressor properties of E-cadherin, increased expression
levels of another member of the cadherin family of proteins, N-cadherin, is correlated
with cellular invasiveness (96,97). N-Cadherin has been shown to link different
N-cadherin-linked cell types (98) and is related to b1 integrin expression levels through
intracellular signals (99), which suggests an importance of this cadherin in metastatic
invasion. It has been suggested that a switch from cellular expression of E-cadherin to
N-cadherin in tumor cells might play an important role on tumor progression. Thus,
cadherins, like integrins, might play diverse roles in the metastatic process from modu-
lating cell motility and invasion to affecting the growth of cells at a new site.

Recently, a new cancer-associated cell membrane glycoprotein, dysadherin, has
been identified which downregulates E-cadherin and promotes cancer metastasis (/00).
Dysadherin transfected cells are able to form markedly higher number of metastatic
nodules in mice than mock transfectants, suggesting the metastasis-promoting ability
of dysadherin (100). Colorectal carcinomas frequently show dysadherin immunoreac-
tivity at the cell membrane, whereas there is no dysadherin expression in normal mucosa
(101). Furthermore, colorectal cancers exhibiting expression of dysadherin in conjunc-
tion with reduced expression of E-cadherin was significantly associated to lung
metastsis and showed the worst prognosis (/01). Increased dysadherin expression by
pancreatic ductal adenocarcinomas is also significantly correlated with an infitrative-
type growth pattern and distant metastasis (/02). Thus, dysadherin expression might
become a biological predictor of tumor aggressiveness and poor prognosis in human
cancers.
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1. INTRODUCTION

1.1. PTHrP

Originally discovered as a product of cancers that produce hypercalcemia, parathyroid
hormone-related protein (PTHrP) has been demonstrated to be a product of many malig-
nant tissues, including prostate and lung cancer, where it can regulate growth and prolif-
eration in vivo and in vitro (/-8). The amino-terminus of PTHrP reacts with the PTH/
PTHrP receptor (PTHrPR) and produces most of the biological effects of native PTH,
including hypercalcemia (/,2). A second family of PTH-specific receptors has recently
been identified (/,9-11). However, there is accumulating and compelling evidence that
non-amino-terminal forms of PTHrP, also generated through processing of the native
isoforms, can exert biological effects (/—4). The PTHrP gene expresses three forms of the
polypeptide through alternate mRNA splicing: PTHrP1-141, a truncated 1-139 form,
and a human-specific 1-173 residue (/7). Whereas PTHrP1-139 is quite similar to
PTHrP1-141, PTHrP1-173 completely diverges from both at its own carboxy terminus
(1,2,11). The PTHrP gene sequence spans more than 15 kb and is composed of three
primary regions: acomplex promoter region, a coding region, and a multiple 3'-noncoding
region (3,11). The promoter region contains three different promoter elements, desig-
nated P1, P2, and P3. P1 and P3 are “TATA box”-like, and the P2 element is a GC-rich
region (1,11).
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1.2. PTHrP Processing

In addition to mRNA splicing, processing of PTHrP into peptides is an important
regulatory mechanism (/,3,11). Distinct biological properties have been attributed to the
different PTHrP peptides, and specific receptors and effects have been postulated (2,11).
For example, PTHrP1-34/36 usually mediates the growth-regulating and hypercalcemic
effects of the molecule, PTHrP38—94 promotes mineral transport, and peptides included
in PTHrP107-141 inhibit osteoclast function in vitro (/-3,11), and we have recently
demonstrated that PTHrP140-173 has growth-regulatory actions (5, /2). These bioactive
peptides can be derived through processing of native PTHrP at the many endoproteolytic
processing sites (/1,13). In fact, the multiple processing sites in PTHrP predict over 90
peptides (1,3,11). Enzymes have been recently identified from mammalian tissues that
seem to serve this function, including the prohormone/proprotein convertases (PCs),
although their roles in PTHrP processing have not been established (/,13). Among its
structural motifs, PTHrP also contains both classical and nonclassical nuclear localiza-
tion sequences (NLSs) that have important implications for its mechanisms of action and
biological effects (9). All of these processed PTHrP peptides can have a non-amino-
terminal (NTP) counterpart, likely through processing at arginine 36 (3,11).

1.3. PTHrP and Growth Regulation

Parathyroid hormone-related protein regulates growth and differentiation in virtually
every cell and tissue studied, including, as detailed subsequently, prostate and lung
cancer (/-5). Transgenic mouse models have shown that PTHrP is required for normal
mammary development (/4), normal chondrocyte maturation and differentiation in the
epiphyseal growth plate (15), and normal epidermal and hair follicle development (16).
Targeted overexpression of PTHrP in pancreatic islets results in increased pancreatic,
cell mass (/7). PTHrP also regulates the growth of vascular smooth muscle cells (18),
osteoblasts (/9), and chondrocytes (/2). More relevant to this proposal, PTHrP regulates
the growth of many cancers, including prostate (3), breast (20,21), lung (22,23), Leydig
tumor cells (24), renal carcinoma (25), and, as we have recently reported, pancreatic
adenocarcinoma (26). PTHrPs proliferation effects can be dependent on cell type and
PTHrP-derived peptide (7,2). Although PTHrP stimulates cell proliferation, decreased
proliferation in most cells has been observed in some cell types with some PTHrP species
(1-5,18,27-36).

1.4. Molecular Mechanisms of PTHrP’s Biological
Effects Signaling, Cell Cycle, and Apoptosis

The biological effects of PTHrP are mediated, at least in part, through the cell surface
receptor that it shares with PTH and which is a member of the seven-membrane-
spanning and G protein-coupled cell surface receptors (/,/0). Like PTH, the amino
terminus of PTHrP signals through this receptor by the activation of adenylate cyclase
and phospholipase C, especially the former, with the resulting accumulation of several
signal transducers, including cAMP and inositol triphosphates, activation of protein
kinase A (PKA) and C (PKC), and a transient increase in intracellular calcium (/0). In
addition to its amino-terminus, there is accumulating and compelling evidence that
non-amino-terminal forms of PTHrP, also generated through processing of the native
isoforms, can exert biological effects; there is also evidence for receptors to these other
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regions of PTHrP, but none has been cloned (/,/0). Although multiple, the functions
of PTHrP in malignant and normal tissues seem to be growth and proliferation related
(1-3). There are reports that PTHrP interacts in its growth-regulating properties with
other cytokines and oncogenes (3,27). Furthermore, there is considerable evidence that
PTHrP has direct and/or indirect growth-regulating activities in a variety of malignant
cells and tissues and in bone (2,3,26). These biological effects interact in bone and
cancer cells (4-7,27).

In addition to its classical receptor-mediated biological effects, PTHrP has recently
joined the family of growth regulators that also signal by translocation to the nucleus
or nucleolus to act in an intracrine fashion (9,27,28). Several investigators have shown
thatall three PTHrP translation products contain clusters of basic amino acids in the 87—
107 region of the peptide that resemble the bipartite nuclear/nucleolar localization
signal observed in a number of transcription factors (26—34). Analogous to some stud-
ies of fibroblast growth factor, such PTHrP nuclear localization has been demonstrated
for osteoblasts, chondrocytes, keratinocytes, PTHrP-transfected COS cells, and, most
recently, vascular cells, where nuclear targeting was associated with dividing cells (27—
37). Furthermore, nuclear targeting of PTHrP seems to regulate growth by inhibiting
apoptosis in some cells (31,35). In certain cells, PTHrP exerts opposing mitogenic and
antimitogenic effects (/8). Nuclear localization of PTHrP in chondrocytes requires an
human immunodeficiency virus (HIV) Tat-like 87-107 domain, and nuclear phospho-
rylation of threonine 85 by cyclic-dependent kinase CDK?2 can regulate PTHrP nuclear
transport (37). More recently, aregion for importin B binding and nuclear targeting was
mapped to an SV40 large T-antigen-like domain at PTHrP residues 66-94, which can
be transported by the GTP-binding protein Ran in a cell-cycle-dependent manner (30).
Furthermore, it was also demonstrated that both endogenous and transfected PTHrP
bind poly-(G) homopolymeric RNA, GC-rich double-stranded RNA (dsRNA), and
total cellular RNA, thereby predicting a role for PTHrP in the processing of rRNA (37).
This interaction is mediated via a core motif localized within the NLS that is shared by
other RNA-binding proteins that are targeted to the nucleolus. Because the nucleolus
is the major site for biogenesis of ribosomes, nucleolar PTHrP could influence cellular
functions by modulating ribosomal RNA synthesis, either by affecting RNA poly-
merase [ activity or by altering ribosome assembly and/or function (32,37). Adding
further complexity, recent studies report that a PTHrP peptide containing the classical
NLS could be localized to the nucleus independent of the PTHrP receptor (9,32),
whereas other studies have demonstrated the translocation of the PTHrP receptor to the
nucleus (9,33,34). Recent studies have also shown that PTHrP can exert differential
effects on cell growth, depending on its mechanism of action (9,/8): When cells were
treated with amino-terminus-containing PTHrP peptides, which act through cell sur-
face receptors, cell proliferation was inhibited; by contrast, when the same peptides
were introduced into the cells by PTHrP transfectants that also contained the nuclear
targeting site, cell growth was stimulated. Deletion of either of the two sites within the
NLS, PTHrP88-91 and PTHrP102-106, abrogated the effect.

Our own studies, along with those of other investigators, have also demonstrated novel
growth-regulatory effects of PTHrP through its peptides (1-5,12,27). We, like other
investigators, have recently observed that PTHrP transfection (intracrine) and treatment
(endocrine) of cancer cells have different effects on the expression of cytokines that
regulate cancer cell growth (/2,27). Furthermore, we found that these differences can be
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the result of the intracrine effects of PTHrP but independent of the classical amino-
terminal moieties of the oncoprotein and rather dependent on a novel non-amino-terminal
forms (1,3,4,27). Molecular interactions with bone cells through these novel molecular
pathways that underlie PTHrP’s nonclassical mechanism of growth regulation and skel-
etal tumor progression.

2. PTHrP IN PROSTATE AND PROSTATE CANCER

2.1. PTHrP and Prostate Cancer

Studies of PTHrP in prostate cancer demonstrate that PTHrP expression regulates
prostate cancer progression and metastasis in bone. We (3-5,27,38-47), along with other
investigators (48—67), have demonstrated that PTHrP is robustly expressed by prostate
cancers. PTHrP levels are greater in malignant tissue than in hyperplastic and normal
prostate (48,49). Furthermore, mRNA levels and intensity of PTHrP immunostaining
correlate with increasing tumor grade (48,49,61). PTHrP expression in malignant pros-
tate cell lines also correlates with tumor invasiveness and metastatic potential: PC-3 cells,
derived from a prostatic bone metastasis, produce greater levels of PTHrP than LNCaP
or DU 145 cells, derived from lymph node and brain metastases, respectively (62—64).
In the prostate, as in other tissues, PTHrP is processed into distinct peptides that have
unique biological effects (54-57). Sizing studies indicate that PC-3 cells and LNCaP cells
process PTHrP into smaller forms, likely those that respectively stimulate and inhibit
osteoclast activity (54,55). As detailed subsequently, prostatic expression of PTHrP is
associated with regulatory effects and interactions (e.g., with cytokines and oncoproteins)
that are important in the development and progression of prostate cancer (27,65-74).
Some studies have also demonstrated that PTHrP and related measurements might have
diagnostic and prognostic value for the tumor (3,60,75).

Although itis well established that PTHrP regulates prostate cell cancer growth, some
controversy remains about the nature of this biological effect (56—59). This is likely the
result of the differential processing and resulting heterogeneity of the expression of
PTHrP and its receptor, PTHrPR, in different experimental preparations of prostate
cells (2-4,10,11). Consequently, we have come to appreciate that there are laboratory-
to-laboratory differences in PTHrPR phenotype even among established prostate cell
lines in the hands of experienced investigators (27,58,59,76,77). Furthermore, for rea-
sons beyond technical, these differences could be related to the recent demonstration,
discussed elsewhere, that PTHrP might mediate its effects through nonclassical path-
ways (3—5). Appreciating and invoking these pathways is now essential in order to fully
elucidate the molecular mechanisms that PTHrP uses to exert its biological and growth
regulatory effects in well-defined systems (see Table 1).

2.1.1. PROSTATE CANCER METASTASES

Although prostate cancer can spread to many organs, the tumor commonly spreads to
bone (2,3,78-80). Although prostate cancer is characterized by osteoblastic metastases,
the lesions also cause osteolysis (7,27,59,72,79). Also, although osteoblastosis is the
common phenotype of prostate cancer metastases, osteolysis seems to be a necessary
precursor for prostate cells to colonize bone, because metastatic cells would be less able
to invade and grow in mineralized tissue without bone resorption (78-81). A variety of
factors produced by cancer cells can stimulate osteoclastic bone resorption, including
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Table 1

Summary of PTHrPa and Cytokine Expression by Prostate Cancer Cells

Cell Preparation ~ PTHrP (pg/ug)“ IL-8 (pg/ug)* IL-6 (pg/ug)“
1. PC-3 372 45 28
2. PPC-1 11 8 13
3. DuPro-1 7 6 13
4. LNCaP 114 3 22
5. PNT1-A” 3 NT NT
6.267B1¢ 12-17 2 32
7.DU145 9 11 31
8. Primary Culture 1 NT NT

Note: NT, not yet tested.

9 Media concentration/cell protein/72h. Measured by an immunoassay based
on PTHrP1-34 and confirmed by assays based on PTHrP38-64 and PTHrP109-
141. All cells also expressed PTHrP receptor mRNA as assessed by nucleic acid
hybridization and/or immunocytology. Receptor negative cells are DuPro-1.

b SV-40 transformed.
€ SV-40 transformed, also available as radiation transformed.
Literature citation for cell preparation:

1.

Kaighn M, Narayan K, Ohnuki Y, Lechner J, Jones L. Establishment and
characterization of a human prostatic line (PC-3). Invest Urol 1979; 17:
16-23.

. Brothman A, Lesho L, Somers K, Wright G. Phenotypic and cytogenic

characterization of a cell line derived from primary prostatic carcinoma.
Int J Cancer 1989; 44:898-903.

. Gingrich J, Tucker J, Walther P, Day J, Poulton S, Webb K. Establishment

and characterization of a new human prostatic cell line (DuPro-1). J Urol
1991; 146:915-919.

. Horoszewicz J, Leong S, Chu T, Wajsman Z, Friedman M, Papsidero L,

et al. The LNCaP cell line - a new model for studies on human prostate
carcinoma. Prog Clin Biol Res 1980; 37:115-132.

. Cussenot O, Berthon P, Berger R, Mowszowicz A, Faille A, Hojman F,

et al. Immortalization of human adult normal prostatic epithelial cells by
liposome containing large T-SV40 gene. J Urol 1991; 143:881-886.

. Lee M, Garkovenko E, Yun J, Weijerman P, Peehl D, Chen L, Rhim J.

Characterization of adult human prostatic epithelial cells immortalized by
polybrene-induced DNA transfection with a plasmid containing an origin-
defective SV40 genome. Int J Oncol 1994; 4:821-830.

. Stone K, Mickey D, Wunderli H, Mickey G, Paulson D. Isolation of a

human prostate carcinoma cell line (DU145). Int J Cancer 1978; 21:
274-281.

. Peehl, DM. Growth of prostate epithelial and stromal cells in vitro. Methods

in molecular medicine. 2003; 81:41-57.

transforming growth factors, epidermal growth factors, interleukins, tumor necrosis fac-
tors, prostaglandins, cytokines, and, importantly, PTHrP (3,27,65-74). Although there
is clinical and experimental evidence from several cancers that PTHrP expression is
related to the development and progression of bone metastases, this association has been,
until recently, best established for breast cancer (2/). However, corresponding studies,
including our own, are beginning to appear for prostate cancer and bone metastases
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(20,21,48-59,64,77). Because PTHrP contains peptides that might differentially regulate
both osteoblasts (e.g., PTHrP1-34) and osteoclasts (e.g., osteostatin), the processing of
prostatic PTHrP can affect the tumor’s development, type, and progression of bone
metastases (1-5,54-56).

Although prostate cancers that express high levels of PTHrP produce more skeletal
metastases than those that do not, essentially all of these studies have focused on the
amino-terminus of PTHrP, which signals through the receptor shared with PTH (3,4,7,46).
Our preliminary studies demonstrate a role for non-amino-terminal peptides of PTHrP on
prostate cancer progression in the skeleton (/-5).

2.1.2. RANKL, RANK, ano OPG

The recent elucidation of a novel pathway of molecular regulation in bone by these
three osteokines has provided both a physiologic link among bone cell functions and
a pathogenetic link among cancer cells, the immune system, and bone cells in the
regulation of the osteoclastic bone resorption, a key cellular mediator of skeletal tumor
progression (82). The molecular participants in this pathway are the membrane-asso-
ciated protein named RANKL (receptor activator of nuclear factor kB ligand), a mem-
ber of the tumor necrosis factor family of cytokines, its cognate receptor, RANK, and
OPG (osteoprotegerin), asoluble “decoy” receptor for RANKL (5,82-85). In the physi-
ology of bone metabolism, RANKL is expressed on the surface of osteoblastic stromal
cells. By binding to RANK, its receptor, on osteoclast precursors, RANKL enhances
their recruitment into the osteoclastogenesis pathway. RANKL also activates mature
osteoclasts to resorb bone. In the pathophysiology of bone metastases and hypercalce-
mia, many of the tumor cell types that are associated with cancer-stimulated bone
resorption express a soluble form of RANKL (sRANKL). Furthermore, during the
inflammation, which can be associated with infection as well as malignancy, activated
T-lymphocytes also express increased amounts of RANKL which can stimulate osteo-
clasts. The activated lymphocytes also expresses interferon-y (INF-y), which opposes
the effect of RANKL on osteoclast-mediated bone resorption. The osteoclastic effects
of RANKL can also be attenuated by its soluble decoy receptor, OPG, also produced
by osteoblasts and tumor cells. Hypercalcemia results when these opposing regulatory
interactions of RANKL, RANK, OPG, and INF-y allow osteoclastic activation to pre-
dominate (82) (see Fig. 1).

We, along with other investigators, have demonstrated that prostate cancer cells
express OPG, RANKL, and RANK and that PTHrP, including nonamino-terminal pep-
tides (NTPs), regulates their expression in this cancer (3,5). We evaluated several pros-
tate cancer cell lines, including 267 B1, 267 B1-XR, DU 145, DuPro-1, PC-3, LNCaP,
and PPC-1, for the expression of OPG/RANK/RANKL. All cell lines were shown to
express these genes by RT-PCR. We next studied the effect of various PTHrP peptides
(1-34,38-64,107-139, and 140-173) on the OPG/RANK/RANKL cascade. Using RT-
PCR and immunoassays, we demonstrated that PTHrP1-34 and PTHrP140-173 treat-
ment increased OPG expression in 267 B1-XR and PPC-1 cells. PTHrP38-64 treatment
increased OPG expression in PPC-1 cells only. No significant effects on OPG levels by
PTHrP peptides were observed in 267 B1, PC-3, DU 145, and Dupro-1 cells. Based on
RT-PCR,RANKL expression was increased in PC-3 and 267B1-XR cells with PTHrP1-
34 and PTHrP107-139 treatments, respectively. RANKL expression was decreased by
PTHrP1-34in267 B1,267B1-XR, PPC-1, and Dupro-1 cells. No PTHrP peptide treat-
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Tumor and Skeletal Interactions
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Fig. 1. Schematic representation of tumor and bone cell molecular interactions in PTHrP-produc-
ing cancer. Tumor and bone cells can express several cell products (in brackets) that initiate
osteoclastogenesis and the osteolytic cascade (right). They include PTHrP, 1,25VitD (1,25-
dihydroxyvitamin D), prostaglandins, especially of the PGE2 series, cytokines, especially
interleukin (IL)-1, IL-6, and IL-8, growth factors, especially TGF-3, RANKL (receptor activator
of nuclear factor kB ligand), a cell membrane-associated member of the tumor necrosis factor
family of cytokines; soluble RANKL (sRANKL), and their cognate receptor, RANK, and OPG,
asoluble “decoy” receptor for RANKL. The latter group is also expressed by osteoblast precursors
as they develop into osteoblasts (left). In addition to OPG, the stimulation of osteoclastic bone
resorption by RANKL is opposed by activation of the y-interferon receptor (INF-yR) by INF-y
production by activated lymphocytes and by the peptide hormone, calcitonin. The relative activity
of the osteoclast stimulatory effects of RANKL and sSRANKL and the inhibitory effects of OPG
and INF-ydetermine the extent of osteolysis. Arrows indicate a positive (stimulatory) effect except
where indicated by the negative sign. Several growth factors in addition to TGF-B (illustrated,
right bottom) reside in the bone matrix and can be released upon resorption to exert their biological
effects, often osteoclast stimulation. They include BMP (bone morphogenetic proteins, especially
BMP-2), FGF (fibroblast growth factor), PDGF (platelet-derived growth factor), and IGFs (insu-
lin-like growth factors) (82).

ment effect was demonstrated on RANKL in the other cell lines. RANK expression did
not appear to be regulated by PTHrP in the prostate cell lines, with the exception of
PTHrP140-173, which decreased RANK mRNA in 267 B1 cells as measured by RT-
PCR. In conclusion, these results suggest that PTHrP promotes prostate cancer to spread
to bone by regulating the OPG/RANK/RANKL pathway (/-5).
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2.2. Effects of PTHrP and Its Peptides in Prostate Cancer

Many studies have demonstrated that PTHrP and its derived peptides regulate the
pathobiology biology of prostate cancer (/-5). The production of PTHrP and its biologic
effects were investigated using the human prostate cancer cell lines PC-3, LNCaP, and
DU 145 (44-47). A synthetic peptide, PTHrP1-34, stimulated thymidine uptake in PC-
3 and DU 145 cells more than threefold over the control under serum-free and steroid-
free conditions, whereas LNCaP cells were not affected. However, in the presence of
dihydrotestosterone, DNA synthesis of LNCaP cells was stimulated by PTHrP in a dose-
dependent manner. Additionally, this PTHrP-induced DNA synthesis was completely
neutralized by a validated mouse monoclonal antibody (8B12) raised against PTHrP1-
34. Our data suggest that PTHrP might play a significant role in the growth of prostate
cancer by acting locally in an autocrine fashion. However, in primary cultures, we were
unable to identify growth-regulatory activity of synthetic and endogenous PTHrP pep-
tides on normal prostatic epithelial cells (45). These studies demonstrate the complexity
of the biological effects of PTHrP and suggest that different mechanisms might be extant
in normal and malignant prostate cells.

The complexity of PTHrP’s growth effects in the prostate was demonstrated by our
studies of peptide treatments that included non-amino-terminal forms (3-5,27,30).
Notably, treatment with the human-specific peptide, PTHrP140-173, caused a marked
decrease in cell number in all prostate cell lines studied, with the most dramatic effect
observed in the 267 B1 cells (3,39). These data again demonstrate differential effects
of PTHrP peptides on prostate cell growth. Most recently, we have demonstrated that
several PTHrP-processed peptides regulate prostate cell growth (3,39).

We confirmed that the biological effects of PTHrP are mediated, at least in part,
through the cell surface receptor that it shares with PTH and which is a member of the
seven-membrane-spanning and G protein-coupled cell surface receptors (1,3). However,
in addition to its classical receptor-mediated biological effects, we also discovered that
PTHrP signals by translocation to the nucleus or nucleolus and thus acts in an intracrine
fashion (27,28). In fact, nuclear targeting of PTHrP seems to regulate apoptosis in some
cells (28-31).

2.3. PTHrP Receptor in Prostate Cancer

Although there have been no systematic studies of the PTHrP receptor in human
prostate cancer, preliminary studies demonstrate paired expression of PTHrP and its
receptor in the tumor and its bone metstases (79). We studied in human prostate tissue and
cell lines, including normal, normal-transformed (267 B1, PNT1A, PNT1B, and PNT2),
and malignant prostate cell lines (DU 145, DuPro-1, LNCaP, PPC-1, PC-3, 267B1-XR,
and 267 B1-Ki/ras), the expression of the PTHrP receptor by immunocytology and by
RT-PCR. Using antibodies to the PTHrP receptor, we found PTHrP receptor expression
in most prostate cells (39,43). Prostate cancers and their derived cell lines demonstrated
more intense immunostaining compared to normal and hyperplastic tissue. The cell lines
and the staining patterns demonstrated colocalization between PTHrP and its receptor.
The most intense immunostaining was observed in the 267 B1- K-ras, DuPro-1, LNCaP,
and PC-3 cells. Oligonucleotides specific for human PTHrP receptor demonstrated a
specific 415-bp band using RT-PCR in several cell lines (43). In contrast to studies in
animal models, several studies show that human normal, hyperplastic, and malignant
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prostate cells and cell lines commonly express both PTHrP and the PTHrP receptor
(3,39,43).

2.4. PTHrP and Bone-Regulatory Interactions in Prostate Cancer
2.4.1. PTHrP anp CYTOKINES/LYMPHOKINES

In addition to the interactions described earlier with OPG, RANK, and RANKL,
several cytokines and lymphokines mediate the biological effects of PTHrP in cancer,
notably IL-6 and IL-8 (1-3,65-79,86-93). IL-6 is a prostate cancer product that medi-
ates tumor morbidity in patients with metastatic disease and is associated with poor
prognosis in several cancers (86). IL-6 has unique and important effects on bone cells
and serves as a mediator of bone resorption by promoting osteoclast formation (66,67).
IL-6 has been shown in vitro and in vivo to stimulate osteoclastic bone resorption
(3,67,68). IL-6 in concert with PTHrP seems to play a role in the development of bone
metastasis of prostate cancer (87). In an in vivo study, neutralizing antibodies to IL-6
were found to lower the blood calcium in the nude mice carrying the squamous cell
carcinoma of the maxilla associated with IL-6 production (88). However, in another
similar study, IL-6 secreted by renal cell carcinomas did not contribute directly to
hypercalcemia but stimulated the tumor growth of a subpopulation of PTHrP producing
cells (89).

PTHrP1-34 is known to stimulate IL-6 production in vitro as well as in vivo in osteo-
blasts cells (/-3,27). In some studies, IL.-6 seems an enhancer/helper factor rather than
a primary bone resorbing factor in pathological conditions associated with increased
bone resorption (70,86,90). IL-6 was also found to potentiate the effects of PTHrP by
acting at an earlier stages of osteoclast lineage than PTHrP; in contrast, PTHrP, a potent
bone-resorbing factor, acts on cells in the later stages of osteoclastogenesis (70,92).

Interleukin-8, a regulator of angiogenesis, is expressed by prostate cells (27,65,71).
Angiogenesis plays an importantrole in the metastasis of variety of tumors (92,93). Both
normal and malignant human prostate cells express IL-8, and IL-8 is expressed at higher
levels in metastatic prostate cells compared with benign prostatic hyperplasia (2,65,72).
Arole for IL-8 in tumor growth and metastasis is becoming established: A nonmetastatic
and IL-8-negative melanoma cell line after transfection with the IL-8 gene was found
to be highly tumorigenic and metastatic in nude mice (94). Although PTHrP stimulates
IL-8 production by prostate cancer cells in vitro, the molecular mechanism by which
PTHrP modulates growth of prostate cells via cytokines is not clear (2,27).

We have studied the regulatory interactions of PTHrP with cytokines that can play a
role in the development of prostate cancer skeletal metastases (28,53,57,59). Six prostate
cancer cell lines exhibited constitutive expression of PTHrP and IL-8 that were signifi-
cantly correlated (r=0.91, p<0.01). Because PC-3 cells demonstrated the highest levels
of both PTHrP and IL-8 expression, we transfected wild-type and mutant PTHrP into
these cells. Wild-type PTHrP1-173 and PTHrP 33-173, lacking the PTHrP receptor-
binding domain, induced a threefold stimulation of IL-8 production in PC-3 and PPC-1
cells and a twofold stimulation of IL-8 in DuPro-1, DU 145, and PC-3 cells. Intracellular
PTHrPin PC-3 and DuPro-1 cells selectively activated mitogen-activated protein (MAP)
kinase (MAPK) ERK1/ERK?2, a pathway known to relay signals for growth. Transfection
of the C-terminal truncation mutant PTHrP1-87 induced a fivefold simulation of IL-8.
In contrast, exogenous PTHrP1-34 and PTHrP1-86 did not significantly affect IL-8



156 Part I / Fundamental Concepts

production; moreover, PTHrP-neutralizing antibodies did not inhibit the production of
IL-8 by PTHrP. Additional transfection studies with progressively C-terminally trun-
cated PTHrP1-87 defined a 23-amino-acid sequence, PTHrP65-87, required for
PTHrP1-87 to stimulate IL-8 in prostate cancer cells. We also showed that PTHrP mutant
plasmids that blocked the processing of PTHrP at 147-150 (the amino acids KKKK at
147-150 were changed to GQKG) stimulated the production of IL-8 in the PC-3 cell line
(53). Corresponding studies were conducted with IL-6. When given exogenously, vari-
ous PTHrP peptides (1-34, 38-64, and 1-86) did not show an effect on IL-8 or IL-6
production in PC-3,267 B1-XR, and DU 145 cells. However, PTHrP140-173 (10 nM),
which we have shown to inhibit prostate cell growth, inhibited IL-6 as well as IL-8
expression by 50%in267B1 cells (57). Our results demonstrate that PTHrP acts to induce
IL-8 production in prostate cancer cells via an intracrine pathway independent of its NL.S.
Cells transfected with PTHrP1-87 and PTHrP1-173 also showed increased cell prolif-
eration. Thus, PTHrP exerts these effects in prostate cancer through a nonclassical NLS
that might mediate its effects on the progression of prostate cancer (57).

Our results and those of other investigators demonstrate that PTHrP acts to regulate
growth and cytokine production in prostate cancer cells via intracrine pathways indepen-
dent of its amino-terminal domain. These observations identify novel molecular mecha-
nisms for PTHrP that stimulates bone-active cytokine expression and might contribute
to the progression in bone of prostate cancer (57,58).

2.4.2. NovEL MOLECULAR PATHWAYS OF PTHrP REGULATION:
NoN-AMINO-TERMINAL PEPTIDES OF PTHYrP

We, and others, have demonstrated PTHrP effects in cancer cells of bioactive peptides
derived through processing of native PTHrP at its many endoproteolytic-processing sites (/—
5,16). Enzymes have been recently identified from mammalian tissues that seem to serve this
function (/6). In our own studies, we have demonstrated biological effects for several NTPs
(16,39,95-97). We have recently demonstrated in cartilage cells that the tetrabasic site within
PTHrP140-173 determines intracrine regulatory effects of PTHrP1-173 (12). We have also
demonstrated effects of NTPs in pancreatic cells (95-97). Eight cancer cell lines exhibited
constitutive expression of PTHrP and IL-8, four of which also show overexpression of IL-6.
The effects of PTHrP1-34, PTHrP67-86, PTHrP107-138, PTHrP140-173, and PTHrP140-
173 scrambled (negative control) were investigated on interleukin production. The cell lines
were treated with each of these different PTHrP peptides at 1, 10, and 100 nM concentrations.
After 48 h of incubation, the media were collected and immunoassayed for IL-8 and IL-6.
PTHrP1-34 significantly stimulated IL-8 secretion in a dose-dependent manner. However,
PTHrP140-173 inhibited the secretion of IL-6 and stimulated the expression of IL.-8 more
than twofold in a dose-dependent manner that was significant at all concentrations (p <0.01).
The effect of PTHrP140-173 in these cells is another example of the biological relevance of
this carboxy-terminal peptide of PTHrP1-173.

In prostate cells, PTHrP can also exert its biological actions through molecular mecha-
nisms in addition to effects mediated by its amino-terminus through the PTHrP receptor.
Using a nonmetastatic human prostate epithelial cell line (267 B1) and its tumorigenic
derivative (267 B1-XR), we studied the effects on cell proliferation of various PTHrP-
derived peptide fragments and transfected PTHrP1-87, PTHrP1-173, and a pre-pro
PTHrP33-173 mutant that does not contain an intact 1-34 region (39,76). Exogenous
PTHrP1-34 had no effect on these cell lines, PTHrP107-139 was stimulatory only in 267
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B1-XR cells and PTHrP140-173 was inhibitory in both cell lines. Transfected PTHrP1-
87, PTHrP1-173, and PTHrP33-173 significantly increased cell number in the 267 B1-
XR cells and had no effects in the nontumorigenic cell line, 267 B1. The mitotic effect
of PTHrP33-173 confirms a role for non-amino-terminal PTHrP fragments in prostate
cells. These studies demonstrate that, in addition to mediating its biological effects by
interacting with classical cell surface receptors, PTHrP can mediate its growth regula-
tory effects by intracrine mechanisms in cancer cells. These mechanisms might involve
the NLS domains of PTHrP or other unique downstream pathways (2,3).

2.4.3. PTHrP AND APOPTOSIS

We have demonstrated in several cell types, including prostate, that PTHrP can
mediate its growth regulation through the apoptotic pathway, as have other investigators
(37,45). We observed that both PTHrP1-34 and PTHrP107-138 decreased apoptosis of
RPMI 1788 cells in a dose-dependent fashion by measuring the activity of caspase-3, a
central, downstream component of the Fas- and tumor necrosis factor (TNF)-mediated
apoptotic pathways (55). PTHrP could regulate caspase-3 by interfering with upstream
signaling, by blocking CD95 (FasR) or TNF receptor, by inhibiting other critical com-
ponents of these two pathways, or by altering the level of bcl-2 (or related factors) that
can regulate caspase-3 activity (55,56). Although we did not see changes in cell cycle
factors in these studies, the investigations of others, discussed earlier, support a system-
atic study of this molecular pathway. In studies of MAPK, we demonstrated that PTHrP
increased the level of phosphorylation of p38 MAPK (56). As detailed subsequently, we
propose experiments to further dissect the molecular components of the apoptotic path-
way through which PTHrP exerts growth regulatory effects.

In the prostate, we performed apoptosis studies using wild-type DU 145 cells, pros-
tate carcinoma cells and DU 145 cells stably transformed to express various PTHrP
peptides (97). We evaluated PTHrP’s effect on survival with clonogenic cell survival
assays. Suspended cells were exposed to y-irradiation (4 Gy) and replated in triplicate
into 60-mm dishes: colonies (>50 cells) were counted after 14 d in culture. Multiple
clones of DU 145 PTHrP1-173-expressing cells demonstrated a twofold increase in
colony formation compared to the vector control transformed cells (p < 0.01). Con-
versely, DU 145 PTHrP1-87 and PTHrP1-141 expressing cells demonstrated a 50%
and 30% decrease, respectively, in colony formation after y-irradiation compared to the
vector control cells. Studies of PTHrP’s effect on staurosporine-induced apoptosis as
measured by nuclear condensation and caspases-3 and caspases-9 activities showed in
the DU 145 PTHrP1-173-expressing cells a reduction in nuclear condensation and
caspases-3 and -9 activities compared to the vector control cells. DU 145 PTHrP1-87-
and PTHrP1-141-expressing cells increased caspases-3 and caspases-9 activities
slightly compared to vector control cells. The effects of PTHrP peptides on
staurosporine-induced apoptosis were studied in wild-type DU 145 cells. PTHrP140-
173 peptide treatment decreased caspases-3 and caspases-9 activities and nuclear con-
densation compared to vehicle-treated cells. No significant effects on nuclear
condensation and caspases-3 or caspases-9 were observed with treatment with PTHrP1—
34 or scrambled PTHrP140-173 peptide. Because protective effects on apoptosis were
not observed for PTHrP1-34 peptide or PTHrP1-87 and PTHrP1-141 gene transfer,
the human-specific PTHrP140-173 region appears responsible for the antiapoptotic
properties of PTHrP in prostate cancer cells through a paracrine mechanism. The
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proapoptotic effects of PTHrP1-87 and PTHrP1-141 could result from an intracrine,
nuclear targeting pathway (28,98).

2.4.4. ANDROGENS AND PTHrP

Several recent studies have provided evidence for androgen regulation of the PTHrP
axis in prostate cancer (61,99). A study designed to assess the ability of androgens to
regulate PTHrP production was conducted in androgen-insensitive human prostate can-
cer cells PC-3 and cells transfected with androgen receptor (PC-3T). Androgen respon-
siveness caused a marked decrease in PC-3T cell growth, and treatment of these cells with
dihydrotestosterone led to inhibition of PTHrP production, an effect readily reversed by
the androgen receptor antagonist flutamide. Animals inoculated with PC-3 and PC-3T
cells developed palpable tumors. Inoculation of the PC-3T cells into castrated animals
resulted in rapid tumor growth in PC-3T tumors, effects that were reversed in PC-3T
tumors grown in castrated hosts. A PTHrP promoter luciferase reporter showed a 30%
decrease in luciferase activity following treatment with dihydrotestosterone (DHT).
These results indicate that PC-3 cell growth correlates inversely with androgen sensitiv-
ity and directly with PTHrP production in vitro and in vivo. Androgens can regulate
PTHrP production in prostate cancer cells, and the androgen effect on PTHrP is mediated
at least in part by transcriptional regulation via the androgen receptor. Another study
evaluated the effects of PTHrP and/or DHT treatment on DNA synthesis in the androgen-
dependent (LnCaP) and androgen-independent (PC-3) human prostate adenocarcinoma
cell lines. The effect of PTHrP on prostate cancer cell proliferation was mediated through
ornithine decarboxylase gene expression.

2.4.5. ADHESION MOLECULES

The role of adhesion molecules in cancer progression is well documented (2,3). Cor-
responding studies have emerged in prostate cancer demonstrating PTHrP regulation of
this family of cell surface proteins (100, 101 ). We and other investigators have shown that
a cancer-facilitating adhesion molecule can be regulated by PTHrP. Overexpression of
the oncoprotein increases adhesion of the human prostate cancer cell line PC-3 to the
ECM molecules collagen type I, fibronectin, and laminin. Increased adhesion is accom-
panied by upregulation in the expression of o1, o5, 06, and 4 integrin subunits. Muta-
tion of the classical nuclear localization sequence negated the effects of PTHrP on o,
o5, 06, and B4 integrin expression, indicating that these effects are mediated via an
intracrine pathway requiring nuclear localization. Expression of the o2, o3, ov, and B1
integrin subunits were comparable in wild-type and NLS-mutated PTHrP transfectants.
The cells overexpressing PTHrP showed significantly higher adhesion to collagen type
1, fibronectin, and laminin. PTHrP overexpressing cells also exhibited higher expression
of the al, a5, a6, and B4 integrin subunits. These findings support a role for PTHrP in
prostate tumor invasion and metastasis through regulation of specific integrin subunits
via an intracrine pathway.

Our studies in pancreatic cancer support this hypothesis (/02). Using the fast-growing
(FG) variant of the COLO 357 metastatic pancreactic adenocarcinoma cell line, we
demonstrate that the cells express PTHrP and the PTHrP receptor. In cell culture on either
type I collagen or fibronectin, type I collagen increased the expression of the PTHrP
receptor compared to fibronectin or tissue culture plastic. These observations suggest
unique functional interactions among ECM proteins and PTHrP and its receptor and
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might have important implications in our understanding of the complex mechanisms
responsible for the progression of cancer and its metastases (/03).

2.4.6. CaLcium, ViTAMIN D, AND THE CALCIUM-SENSING RECEPTOR

Ambient calcium and its regulators and mediator also play a role in prostate cancer
progression (74,77). Vitamin D seems to exert a protective effect against prostate
cancer through its antiproliferative actions. Studies with 1,25-dihydroxyvitamin D
showed inhibition of PTHrP mRNA and secreted protein levels though a transcrip-
tional mechanism. By contrast, epidermal growth factor (EGF), which is normally
secreted by prostate cancer cells, increased PTHrP gene expression. Corresponding
studies demonstrated expression of the calcium-sensing receptor (CaR) in prostate
cancer cells. Elevated extracellular calcium concentrations stimulate PTHrP. In addi-
tion, adenovirus-mediated infection of PC-3 cells with a dominant negative CaR con-
struct attenuated calcium-induced PTHrP secretion, and pretreating the prostate cancer
cells with transforming growth factor augmented both basal and high calcium stimu-
lated PTHrP secretion. Thus, in PTHrP-secreting prostate cancers, especially those
metastatic to bone, interactions among ambient calcium, vitamin D metabolites, and
the CaR could establish a regulatory cycle for tumor progression.

3. PROSTATE CANCER AND SKELETAL PROGRESSION

As reviewed in the chapter, there is substantial in vitro data and indirect in vivo data
to support the hypothesis that PTHrP expression promotes the progression of prostate
cancer in the skeleton. In order to directly test this hypothesis in vivo, we studied the DU
145 cell line in a mouse model for prostate cancer (2,3). The DU 145 cell line was selected
because it has a low constitutive PTHrP expression and does not grow well in mouse
tumor models. We studied four types of DU 145 cell: (1) wild-type cells, (2) vector (pCi-
neo) transformed cells, (3) PTHrP1-87 transformed cells, and (4) PTHrP1-173 trans-
formed cells. The PC-3 cell line (group 5) was also used as a known prostate cancer cell
line that produces extensive bone lesions in immunocompromised mice. The cells were
directly injected into the femurs of severe combined immunodeficiency (SCID) mice and
the mice were evaluated 60 d later for biochemical changes in the sera and skeletal
abnormalities by X-ray.

The DU 145 cell lines secreted PTHrP into the media culture at amounts ranging from
101 to 4337 pg PTHrP/mL/10° cells when cultured for 96 h at 37°C. The amount of
PTHrP measured in the sera of the mice after femoral bone marrow injections was
detected in only the DU 145-PTHrP1-87, DU 145-PTHrP1-173, and PC-3 mice. The
mice skeletons were evaluated for abnormalities radiographically and demonstrated sig-
nificant differences between the DU 145 wild-type and vector control mice and the DU
145-PTHrP1-173 and DU 145-PTHrP1-87 mice. The radiographs were generally nor-
mal for the DU 145 wild-type and vector control mice. Conversely, the radiographs of the
DU 145-PTHrP1-87 and DU 145-PTHrP1-173 mice showed numerous lesions through-
out the femurs, with multiple osteolytic and osteoblastic features. The PC-3 mice radio-
graphs demonstrated severe osteolytic lesions. No abnormalities were observed for the
control femurs or other areas of the skeleton for each group. Quantitation of the radio-
graphic images of the mouse femurs showed progression of tumor in bone that correlated
with PTHrP production by the tumor. The DU 145-PTHrP-transformed groups demon-
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strated increased bone lesions, serum calcium, and PTHrP. The PTHrP produced by the
DU 145-PTHrP1-173 cells was less than the DU 145-PTHrP1-87, but the femur radio-
graphs nevertheless showed more tumor damage in the DU 145-PTHrP1-173 mice.

Our results provide more evidence that PTHrP expression by prostate cancer cells
promotes the development of skeletal lesions by the prostate cancer. Furthermore, PTHrP
secreted into the blood of tumor-bearing animals served as a tumor biomarker by corre-
lating with the primary prostate tumor volume and the degree of tumor burden in the bone.
This animal model can be used to elucidate the role of PTHrP in human prostate cancer
progression in bone. In addition to providing information about pathogenesis, such stud-
ies can also identify PTHrP-based diagnostic and therapeutic targets for prostate cancer
(104-110).

4. PTHrP IN LUNG AND LUNG CANCER

Parathyroid hormone-related protein was discovered as the mediator of humoral hy-
percalcemia of malignancy in a squamous cell bronchial carcinoma, but it is also made
by normal fetal and adult lung. The source of PTHrP in those organs is alveolar type 11
epithelial cells. Type II cells are the cells that make pulmonary surfactant. They also
express ion pumps that assist in keeping the air spaces dry, and they are pluripotential
cells that proliferate in settings of lung injury and help repair damage to the alveolar
epithelium. PTHrP is an important mediator in lung biology because of roles in lung
development, homeostasis in normal adult lung, and pathophysiology of lung injury and
lung cancer.

4.1. PTHrP in Fetal Lung

Parathyroid hormone-related protein regulates branching morphogenesis and type 11
cell maturation in fetal lung development. PTHrP or gene knockout results in hypoplastic
lungs with arrested canalicular development (7 /7). Type Il cell function is impaired with
reduced capacity to synthesize disaturated phosphatidylcholine, the major phospholipid
in surfactant, and reduced expression of surfactant apoproteins. PTHrP-null and PTHrPR-
null animals die from respiratory failure in the acute neonatal period as a result of the
pulmonary structural and functional abnormalities as well as skeletal defects that limit
ventilation (/12). Overexpression of PTHrP during fetal development also causes pul-
monary abnormalities. PTHrP excess causes pulmonary cysts (//3), similar to those seen
in a developmental abnormality called congenital cystic adenomatoid malformation of
the lung. Interestingly, overexpression of PTHrPR causes no structural abnormalities,
suggesting that the action of PTHrP on pulmonary development can work through
intracrine pathways or through effects of portions of the molecule other than PTHrP1-
34 (114). On the other hand, type II cell maturation is a function of amino-terminal
PTHrP. PTHrPR is expressed in fetal lung but is restricted to the fetal fibroblasts (/175).
Thus, the distribution of the ligand and receptor follows a hand-in-glove pattern, support-
ing a role for epithelial-mesenchymal interactions in the development of pulmonary
cellular functions. PTHrP1-34 derived from fetal type II cells is involved in a bidirec-
tional paracrine axis, involving stimulation of mediator release from fetal lung fibro-
blasts, that leads to development of the synthetic function for surfactant phospholipids.
It has no effects on type II cells by themselves, but stimulates disaturated phosphatidyl-
choline (DSPC) production in mixed populations of epithelial cells and fibroblasts
(116,117).
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Fig. 2. PTHrP1-34 and PTHrP67-86 augment apoptosis after ultraviolet (UV) in alveolar type II
cells. The figure shows micrographs of nonirradiated (A, C, E) and irradiated (B, D, F) type 11
epithelial cell nuclei stained with Hoescht 33342. The three rows show cells with no treatment
(A, B), PTHrP1-34 treatment (C, D), and PTHrP67-86 treatment (E, F). Apoptotic bodies and cells
with condensed and/or fragmented nuclei, indicating apoptosis, are present after UV exposure and
are increased in cells treated with either PTHrP peptide. Arrowheads mark representative condensed
nuclei and arrows denote representative apoptotic bodies. (From ref. /79, with permission.)

4.2. PTHrP in Adult Lung

In contrast to the situation in fetal lung, PTHrP is an autocrine factor for adult type
IT cells. The adult cells express both PTHrP and PTHrPR and respond to PTHrP1-34
with increases in DSPC secretion and alkaline phosphatase expression, hallmarks of
the differentiated type II cell phenotype (21). PTHrP1-34 is also a type Il cell growth
inhibitor. Neutralizing its effects with antibodies stimulates type II cell division in
cultured cells and also in lung in vivo (22). A midmolecule peptide, PTHrP67-86,
affects type II cells in much the same way as PTHrP1-34. It stimulates surfactant
secretion and inhibits growth (7//8,119). Both portions of the molecule augment inosi-
tol phosphate levels in cultured type Il cells (119), suggesting that PTHrP67-86 might
act through a G protein-coupled receptor, similar to PTHrPR. Finally, both PTHrP1—
34 and PTHrP67-86 have effects on type Il cells (1/9). Each peptide sensitizes type 11
cells to the apoptotic effects of ultraviolet radiation (Fig. 2).



162 Part I / Fundamental Concepts

4.3. PTHrP and Lung Injury

Because PTHrP is made by type II cells, it could be valuable as a marker for injury.
In neonates, tracheal levels of PTHrP do bear a relation with acute neonatal lung injury,
also called respiratory distress syndrome (RDS), and chronic injury, known as bron-
chopulmonary dysplasia (BPD). Tracheal levels of PTHrP are depressed in situations
associated with RDS, such as low birth weight, prematurity, need for artificial surfac-
tant administration, and male gender, but they are increased with maternal steroid
administration, a treatment that promotes type Il cell maturity (/20). In ababoon model
of BPD, lung PTHrP levels fail to rise in newborn animals with BPD to the levels that
they do in animals without injury (/27). Low PTHrP levels have also been associated
with increased risk of lung injury in adults. Adults undergoing pulmonary thromboen-
darterectomy, an operation to treat chronic pulmonary emboli, can develop lung injury
as a result of reperfusion of previously obstructed pulmonary vessels. Low levels of
PTHrP in airway liquid obtained by bronchopulmonary lavage (BAL) indicate patients
with increased risk of developing the injury (/22). Interestingly, the predictive capa-
bility holds for BAL obtained before the operation. In patients with acute respiratory
distress syndrome, BAL PTHrP levels are inversely related to lung injury score, sever-
ity of infiltrates on chest radiographs, and BAL fluid albumin concentration (/20). The
inverse relationship between PTHrP levels and risk of injury in the neonatal and adult
studies indicate that PTHrP might reflect the strength of type II cell numbers of function
in the lung. The results also open the possibility that PTHrP might play an active role
in how the lung protects itself or responds to injury.

Because PTHrP has effects on type II function and growth, it could regulate the
pulmonary response to damage. Several studies have shown that lung PTHrP levels are
diminished in adult and newborn animals during the period of lung injury in which type
II cells proliferate (118,123—125) (Fig. 3). Because PTHrP is a type II cell growth inhibi-
tor, changes in its levels could regulate the proliferative response in an inverse fashion,
reducing PTHrP decreases the level of growth inhibition and might contribute to prolif-
eration in conjunction with other influences. In fact, restoring PTHrP levels toward
normal values by instilling exogenous PTHrP1-34 or PTHrP67-86 into injured lungs
reduces type II cell BrdU incorporation (Fig. 4) and expression of proliferating cell
nuclear antigen, a growth marker in hyperoxic lung injury and silica injury (/23,126).
Thus, these peptides do appear to have an inverse regulatory role in the type II cell
response to injury.

4.4. PTHrP in Lung Cancer
4.4.1. PTHRP EXPRESSION

Parathyroid hormone-related protein was discovered in squamous lung carcinomas
and is common in all types of lung cancer (127,128). Roughly two-thirds of lung cancer
express PTHrP (127,129—132), although it might be more common in squamous cell
carcinomas than adenocarcinomas (/30,132). Because it is commonly in expressed lung
cancer, PTHrP could be a useful biomarker diagnosing the disease or following the
response to therapy. Indeed, serum and urinary levels of PTHrP are elevated in lung
cancer patients compared to normal subjects (1/32,133). In addition to aiding in diagnosis,
PTHrP levels could also be valuable in judging the response to therapy, but no studies are
available. Further studies of the role of PTHrP as a lung cancer biomarker are warranted.
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Fig. 3. Lung PTHrP expression after silica injury. Sprague Dawley rats were instilled with 10 mg
silica/1 mL phosphate-buffered saline (PBS) (closed bars) or PBS alone (open bars) and followed
for the time shown. Lungs were homogenized in a 3:1 (w/v) ratio of PBS with protease inhibitors
and PTHrP was measured by radioimmunoassay in the supernatant. Lung PTHrP levels decreased
from 43,111 + 9685 pg/mL in control animals to 16,468 + 3281 pg/mL 4 d after silica, a 60%
decline. Levels rose progressively after 4 d and were not significantly different from control at 7,
14, and 28 d. Lung PTHrP levels did not change over this same period in animals instilled with
PBS. The results of the analysis were unchanged by normalizing total lung PTHrP to lung weight.
At 4 d, the silica-injured lungs contained 62,613 + 12,690 pg PTHrP/g lung compared to 12,6526
+ 17,253 in control uninjured lung (*p < 0.05). (From ref. /18, with permission.)

4.4.2. IMPORTANCE FOR PATHOPHYSIOLOGY

Much of the work on PTHrP in lung cancer has focused on its role in mediating
humoral hypercalcemia of malignancy (/34,135). Hypercalcemia results from systemic
levels of PTHrP acting on PTHrPR in bone and kidney. The protein also regulates cancer
cell growth and could affect cancer progression, metastasis, and outcome. For example,
PTHrP1-34 is an autocrine growth factor for BEN squamous lung cancer cells (136),
and PTHrP140-173 is antiapoptotic (/37). The effects of PTHrP on apoptosis have been
examined after ultraviolet (UV) irradiation, Fas ligation, or staurosporine treatment
(Fig. 5). PTHrP140-173 decreases apoptosis after UV as measured by caspase activi-
ties, cell mass, morphologic changes, and clonal survival. The peptide also reduces
apoptosis after Fas ligation by activating the antibody. Because PTHrP decreases
caspase-8 activity, it might have effects on death receptor-mediated apoptosis (/38).
Consistent with this hypothesis, PTHrP does not protect against apoptosis after
staurosporine, a stimulus that activates apoptosis through mitochondrial pathways rather
than death receptors. However, the mitochondrial pathway can activate caspase-8, as
well, through the action of caspase-6 (139). Thus, the apoptosis pathways affected by
PTHrP and the mechanism of the antiapoptotic effect are not known for sure. PTHrP has
other effects that could affect a cancer’s aggresiveness or invasiveness. For example, it
stimulates matrix adhesion, augments angiogenesis, and induces expression of (/40—
142). These actions could contribute to invasiveness or metastatic potential.



164 Part I / Fundamental Concepts

Fig. 4. Effects of PTHrP1-34 on alveolar cell proliferation in hyperoxic lung. After 4 d of exposure
to 85% oxygen, 1 mL of PBS or 1 mL of PBS containing 7.5 ug/mL PTHrP1-34 was instilled into
rat lungs. BrdU was given intraperitoneally 6 h later to label proliferating cells, and lungs were
processed for immunohistology 8 h after PTHrP treatment. (A) Lungs instilled with PBS took up
BrdU; (B) in contrast, PTHrP-instilled lungs showed little BrdU immunoreactivity. The number
of BrdU-positive cells per high-power field was sixfold greater in lungs instilled with PBS and in
lungs instilled with PTHrP, 3.2+ 0.4 vs 0.5 £ 0.2, respectively (p < 0.01). Magnification, x260.
(From ref. 123, with permission.)

4.4.3. PTHRP AND PROGNOSIS

PTHrP expression portends a poor prognosis sign in cancer. When tumors produce
PTHrP, patients tend to have increased or earlier mortality and a higher rate of metastasis
(143—145). In one study, patients with high serum PTHrP levels survived 33 d after
developing hypercalcemia compared to 66 d for patients with low PTHrP. Their tumor
stage was greater than they showed a poorer response to bisphosphonates (/45). A rela-
tionship between PTHrP and mortality has been observed for lung cancer as well (143).
Median survival of lung cancer patients whose PTHrP levels were greater than 150 pmol/LL
was 1.4 mo compared to 5.4 mo in those with lower PTHrP levels.

Parathyroid hormone-related protein might be an indicator of poor prognosis because
of associated hypercalcemia and because of its effects on tumor cell growth, angiogen-
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Fig. 5. Effect of PTHrP peptides on caspase-3 activity after UV irradiation in lung cancer cells.
UV caused a sixfold increase in caspase-3 activity in BEN squamous lung carcinoma cells com-
pared to nonirradiated cells (*p <0.01). Pretreatment with 100 nM PTHrP1-34 or PTHrP140-173
for 24 h before irradiation reduced caspase-3 activity approx 25% (**p < 0.05). Other PTHrP
peptides did not have significant effects had no effect on nonirradiated cells. Data are mean+ SEM
for seven separate experiments. (From ref. /37, with permssion.)

esis, and invasiveness. The pulmonary tumors make PTHrP appear to be more aggressive
than those that do not. For example, in two small cell lung cancer lines isolated at different
times from the same patient, the line harvested at the more advanced stage produced much
greater levels of PTHrP than the earlier line (/46). In an animal model study, PTHrP was
related to metastasis of HARA lung cancer cells, a PTHrP-expressing line. Rats received
an intraventricular administration of HARA cells and were then treated with systemic
PTHrP antibody orisotype antibody (/47). Fewer bone metastases developed after PTHrP
antibody treatment, implying that tumor-derived PTHrP might increase the propensity to
metastasize, as is the case in animal models of breast (/48). In addition, 71% of patients
with elevated serum PTHrP levels in a previously mentioned study had bone metastases
vs 12.5% for patients with low PTHrP (/43). To summarize, advanced stage, aggressive
tumors, more metastases, and earlier mortality appear associated with PTHrP expression
in lung cancer. The biologic effects of PTHrP suggest that PTHrP could be a causal agent,
but has not been established; further work is necessary to test this point.

Although the forgoing discussion suggests that PTHrP is an unfavorable marker,
other studies provide evidence that PTHrP is favorable for patients with lung cancer and
possibly breast cancer, although the assertion is controversial for breast cancer. A study
in immunocompromised mice found that PTHrP antibody treatment reduced lung
PTHrP levels and increased growth of orthotopic lung carcinomas (Figs. 6 and 7) (149),
suggesting that PTHrP inhibited lung tumor growth. Some studies suggest that PTHrP
might increase mortality in breast cancer, whereas other studies report conflicting
results. On the favorable side, Henderson and colleagues reported that patients with
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Fig. 6. Macroscopic appearance of orthotopic tumor nodules in athymic mice. This mouse was
instilled with 3 x 10° BEN—green fluorescent protein (GFP) cells 30 d earlier and treated with
biweekly injections of the neutralizing PTHrP antibodies, 8B12 and 1 AS. Several small orthotopic
carcinoma nodules were visible on the surface of the lungs (arrows). Six of the 10 mice that were
treated with 8B12/1 A5 had obvious tumors.
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Fig. 7. Effect of PTHrP antibody treatment on orthotopic carcinoma growth. Tumor burden was
estimated by measuring the fluorescence of green fluorescent protein (GFP) in homogenates of
mouse lung. Each point represents the fluorescence of 125 L of lung homogenate. Lungs were
homogenized with a standard volume of tissue lysis buffer (3 mL/g lung). Background fluores-
cence in the lungs of mice that were not instilled with the BEN—GFP cells was 2576+ 395 relative
fluorescent units (RFU). GFP fluorescence was 331 & 282 RFU higher than the background in
tumor mice treated with irrelevant mouse immunoglobulin (Ig) G compared with 3430+ 411 RFU
higher than the background in mice treated with 8B12/1AS5 (*p < 0.001). (From ref. /49, with
permission.)
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breast carcinomas that were immunoreactive for PTHrP1-14 had a 87% 5-yr survival
and only a 13% risk of bone metastasis vs a 73% 5-yr survival and 26% metastasis rate
compared to women with PTHrP-negative tumors (/50). Surowiak and colleagues
found similar results using an antibody to PTHrP38-64 (151). In contrast, PTHrP1-34
and PTHrPR were negative prognostic factors for breast cancer (/52). These paradoxi-
cal results could result from several factors. First, many of these studies measure only
one part of the PTHrP molecule, yet the different parts can exert a variety of actions,
sometimes in opposite directions. For example, the intracrine effect of PTHrP stimu-
lates smooth muscle cell growth, whereas the paracrine effects inhibit cell division (/7).
Thus, the results of antibody studies apply only to the epitope involved and cannot be
extended to PTHrP in general or all actions of the protein. The high degree of variability
in the effects of PTHrP in different tissues is another factor. PTHrP has both positive
and negative effects on proliferation, apoptosis, or angiogenesis, depending on the
tissue (22,119,137,140). In fact, PTHrP inhibits growth in some clones of breast cancer
cells and stimulates itin others (/53). A final factor might be interactions of PTHrP with
the particular cancer, interactions that could vary with stage, patient comorbidities, or
heterogeneity within the cancer. PTHrP is a complex, multifunctional protein that can
activate multiple regulatory pathways, affect many cellular processes, and interact with
numerous targets. Comprehensive studies will be needed to develop a complete under-
standing how PTHrP affects the pathophysiology of cancer.

In summary, PTHrP has many functions in pulmonary physiology. It might play arole
in lung development, homeostasis in the aloveolar space, alveolar epithelial growth, the
response to lung injury, and the pathophysiology of lung cancer. Based on effects on
pulmonary cellular physiology and organ function, the protein could be useful as a
marker of lung maturity, risk of lung injury, or presence of lung cancer. The protein is
likely to have important effects in pulmonary carcinogenesis, lung cancer progression,
metastasis, and outcome. Many studies have concentrated on the role of PTHrP in hyper-
calcemia of malignancy, but its role in the malignant nature of lung cancer is a relatively
untouched, potentially fruitful area for investigation.

5. CURRENT CONCEPTS

Several mechanisms regulate the development and progression of cancer metastases
to the skeleton, and they can be generally considered under the classical seed and soil
paradigm. They included (1) exodus of the tumor from its primary site, (2) homing of
the tumor to the skeleton, (3) invasion of the skeleton by the tumor, (4) the genesis of
blood supply, and (5) osteolysis accompanied by areactive but defective osteoblastosis.
Each of these mechanisms is mediated by a variety of molecular factors. For example,
exodus of the tumor from its primary site involves the expression enzymes like the
matrix metalloproteinases (MMPs) that free the tumor from its site and adhesion
molecules like the integrins that allow the tumor to migrate. These proteinases can also
degrade vascular basement membranes and, thus, provide access to the vascular and
lymphatic systems. The homing is mediated by tumor and target receptors like the
chemokine receptor CXCR4 and by the PTHrP receptor that can attract and attach the
tumor to skeleton and marrow cells. Invasion of the skeleton is also mediated by
proteolytic enzmes that destroy target structures, such as MMP-2 and MMP-9. Angio-
genesis is mediated by a variety of angiogenic factors such as vascular endothelial
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growth factor (VEGF) and connective tissue growth factor (CTGF). Also, osteolysis
is mediated by the family of osteokines that include M-CSF, osteopontin RANK,
RANKL, TRAIL, and OPG. The factors that mediate the reactive, perhaps compensa-
tory, osteoblastosis that accompanies osteolysis are not well known, but likely include
endothelin and bone morphogenetic proteins.

Once in bone, the tumor amplifies the metastatic process by releasing several growth
factors from the resorbed bone that establish a cycle of tumor progression. These
include TFG-B, TNF, insulin-like growth factor, and platelet-derived growth factor.
The metastatic process is also amplified by tumor-derived growth factors, notably IL-1,
IL-6, IL-8, and IL-11. In addition to bone and tumor cells, stromal interaction play an
important role in tumor progression (104).

Parathyroid hormone-related protein exerts a central regulatory role among these
molecular interactions. This oncoprotein influences the production of essentially all of
the tumor regulatory factors and stimulates most of them. In addition, PTHrP promotes
osteoclastic activity by enhance the entry of precursor cells into the osteoclastogenic
pathway.

Contemporary analytical procedures are identifying cancer regulating genes on a fre-
quent basis, with new regulators molecules continuing to be identified (/05,106). In
addition to PTHrP, these metastases-mediating molecules might be targeted for thera-
peutic intervention using antibodies, antagonists, antitransducers, aptamers, antirecep-
tors, and antitranscriptional modalities.
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1. INTRODUCTION

Metastasis of cancer cells from a primary site involves a sequence of events, including
the extravasation of the tumor cells into circulation and the interactions with platelets and
other components of the hemostatic system (/,2). These interactions, in turn, resultin the
adhesion and penetration of these metastatic cells and subsequent intravasation into the
tissue. Several studies demonstrated that tumor cells form complexes with platelets,
fibrin, and leukocytes in the vasculature, forming microemboli (3,4). Thrombin is a key
final common pathway that plays a significant role in activating platelets and generating
fibrin for enhanced tumor metastasis.

There are numerous reports in the literature that suggest the progression of cancer is
associated with changes in cell surface glycosylation. More specifically, it has been noted
that carcinomas expressing high levels of sialylated, fucosylated mucins have a poorer
prognosis because of greater extent of metastasis. This metastatic process is facilitated
by the coating of the mucin-expressing tumor cells with platelets, an interaction that is
mediated by tumor cell mucin and platelet P-selectin (5—7). The progression of cancer
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consists of a series of sequential steps, and its outcome depends on interactions between
malignant cells and various host factors.

2. COAGULATION AND CANCER

The association between coagulation system activation and systemic thrombosis in
human cancers has been recognized for over a century. It was first shown in Trousseau’s
original description of migratory thrombophlebitis complicating gastrointestinal malig-
nancy (8). Greater appreciation in recent years of the interdependency of the coagulation
system and malignant behavior has led to an understanding of how an activated coagu-
lation system could, in turn, enhance cancer cell growth (9). Although this does not
establish causality or even a biologic association, it is of interest that a recent Danish
study showed that patients with cancer who developed venous thrombosis during the
course of their disease had significantly shorter cancer-related survival than similar
patients who remained thrombosis-free (/0). More convincingly, several studies have
shown, conversely, that cancer-related survival is improved in patients treated with
anticoagulants compared to those not receiving anticoagulants (//—14). Fibrin(ogen) is
acritical determinant of metastatic potential, but thrombin appears to contribute to tumor
cell dissemination through at least one fibrinogen-independent mechanism. These find-
ings suggest that therapeutic strategies directed at several hemostatic factors might be
useful in the suppression of metastasis.

3. PLATELETS AND CANCER

Activated platelets release angiogenic growth factors and have, therefore, been pro-
posed to contribute to tumor angiogenesis (1/5—17). Growth factors dervied from platelets
could include the following: vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and platelet-derived growth factor (PDGF) (15—17). The role of
platelets in tumor biology has been suggested (/8). Serum levels of VEGF have been
shown to correlate with platelet counts during chemotherapy (79). Platelet—tumor cell
interactions are believed to be important in tumor metastasis. Tumor cell tissue factor
(TF) expression enhances metastasis and angiogenesis and is primarily responsible for
tumor-induced thrombin generation and the formation of tumor cell-platelet aggregates.
Activated platelets express and release CD40 ligand (CD40L), which induces endothelial
TF expression by binding to CD40. It has been shown that, in malignancy, the increase
in cellular TF activity via CD40 (tumor cell)-CD40L (platelet) interaction might enhance
intravascular coagulation and hematogenous metastasis (20). Inhibition of experimental
metastasis and tumor growth was demonstrated in animals by thrombocytopenia and
antiplatelet therapies (2/1,22).

Cancer disturbs cellular activities that maintain multicellular organisms, namely
growth, differentiation, apoptosis, and tissue integrity. There are numerous clinical and
experimental observations showing that invasion results from the crosstalk between
cancer cells and host cells, comprising platelet, myofibroblasts, endothelial cells, and
leukocytes, all of which are themselves invasive. In bone metastasis, host osteoclasts
serve as targets for therapy. The molecular analysis of invasion-associated cellular activi-
ties (namely homotypic and heterotypic cell-cell adhesion, cell-matrix interactions, and
ectopic survival, migration, and proteolysis) reveal branching signal transduction path-



Chapter 11 / Antithrombotics in Tumor Growth and Metastasis 179

ways with extensive networks between individual pathways. Cellular responses to inva-
sion-stimulatory molecules (such as scatter factor, chemokines, leptin, trefoil factors,
and bile acids) or inhibitory factors (such as platelet-activating factor and thrombin)
depend on activation of trimeric G proteins, phosphoinositide 3-kinase, and the Rac and
Rho family of small GTPases. The role of proteolysis in invasion is not limited to break-
down of extracellular matrix but also to the cleavage of proinvasive fragments from cell
surface glycoproteins.

In vivo, tumor cells interact with a variety of host cells such as endothelial cells and
platelets, and these interactions are mediated by integrins GPIIb/IIIa and avfB3. In a
xenograft model, m7E3 Fab'2 binds to both human tumor and host platelet GPIIb/I1Ia and
endothelial otvB3 integrins, thus participating as an antiangiogenic agent and an antitu-
mor agent. Data suggested that combined blockade of GPIIb/Illa and otvB3 affords sig-
nificant antiangiogenic and antitumor benefit (23). Classic studies indicate that the
formation of tumor cell-platelet complexes in the bloodstream is important in facilitating
the metastatic process. Metastasis in animal models can be inhibited by heparin, and
retrospective analyses of heparin use in human cancer have supported this idea (24).

The activation of coagulation, angiogenesis, and inflammatory cytokines are consid-
ered to be related to tumor growth and metastasis. A recent study demonstrated that the
plasma levels of platelet microparticles (PMP), VEGF, interleukin (IL)-6, and regulated
on activation, normal T-cell expressed and secreted (RANTES) were markedly increased
in patients with stage IV disease and that these increased plasma levels of IL-6, RANTES,
and especially PMP might be useful for identifying metastatic gastric patients (25).

A recent preclinical study demonstrated a critical role for platelet olIB3 in tumor entry
into bone and suggested a mechanism by which antiplatelet therapy might be beneficial
in preventing the metastasis of solid tumors (26).

4. COAGULATION IN TUMOR GROWTH AND METASTASIS

Thrombin generation and fibrin formation are constantly detectable in patients with
malignancy, who are at increased risk of thromboembolic complications. Most impor-
tantly, fibrin formation is also involved in the processes of tumor spread and metastasis.
Activation of blood coagulation in cancer is a complex phenomenon, involving many
different pathways of the hemostatic system and numerous interactions of the tumor cell
with other blood cells, including platelets, monocytes, and endothelial cells. Tumor cells
possess the capacity to interact with all parts of the hemostatic system. They can directly
activate the coagulation cascade by producing their own procoagulant factors or they can
stimulate the prothrombotic properties of other blood cell components. The etiology of
thrombosis in malignancy is multifactorial, and mechanisms include release of pro-
coagulants by tumor cells in addition to other hypercoaguable state predisposing factors,
such as chemotherapeutic and radiotherapeutic agents (27-31). Unexplained throm-
boembolism might be an early indicator of the presence of a malignant tumor before signs
and symptoms of the tumor itself become obvious.

Hemostatic abnormalities are present in a majority of patients with metastatic cancer.
These abnormalities can be categorized as (1) increased platelet aggregation and activa-
tion, (2) abnormal activation of coagulation cascade, (3) release of plasminogen activator
inhibitor (PAI)-1, and (4) decreased hepatic synthesis of anticoagulant proteins like
Protein C and antithrombin III. Activation of the coagulation cascade is mediated through
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release of TF and other procoagulants from the plasma membrane vesicles of tumor cells
(28,31). Hemostatic mechanisms regulate blood flow by controlling platelet adhesion
and fibrin deposition. A number of hemostatic proteins have been shown to regulate
angiogenesis, either directly, by interacting with endothelial cells themselves, or indi-
rectly, by interacting with other regulators of angiogenesis. The polypeptide fibrinogen
is the central protein in the hemostasis pathway and is found deposited in the majority of
human and experimental animal tumors. The ability of fibrinogen and various protein/
peptide fragment derivatives to modulate angiogenic mechanisms in vitro and to affect
tumor growth and metastasis has been demonstrated (32).

Increasing evidence suggests that thrombotic episodes might also precede the diagno-
sis of cancer by months or years, thus representing a potential marker for occult malig-
nancy (27). Recently, emphasis has been given to the potential risk of cancer therapy
(both surgery and chemotherapy) in enhancing the risk for thromboembolic disease
(28,31). Postoperative deep-vein thrombosis (DVT) is, indeed, more frequent in patients
operated on for malignant diseases than for other disorders. On the other hand, both
chemotherapy and hormone therapy are associated with an increased thrombotic risk,
which can be prevented by low-molecular-weight heparin (LMWH) (33). In particular,
procoagulant activities of tumor cells have been extensively studied; one of these specific
tumor procoagulants could represent a novel marker of malignancy. Clearly, tumor-
induced coagulation is intrinsically involved with tumor growth, angiogenesis, and
metastasis.

5. TREATMENT OF VENOUS THROMBOEMBOLISM
IN CANCER PATIENTS

The management of DVT and pulmonary embolism (PE) in patients with cancer can
be a clinical dilemma. Comorbid conditions, warfarin failure, difficult venous access,
and a high bleeding risk are some of the factors that often complicate anticoagulant
therapy in these patients. In addition, the use of central venous access devices is increas-
ing, but the optimal treatment of catheter-related thrombosis remains controversial.
Unfractionated heparin (UFH) is the traditional standard for the initial treatment of
venous thromboembolism (VTE) but LMWH has been shown to be equally safe and
effective in hemodynamically stable patients. For long-term treatment or secondary
prophylaxis, vitamin K antagonists remain the mainstay treatment. However, the incon-
venience and narrow therapeutic window of oral anticoagulants make extended therapy
unattractive and problematic. As a result, LMWHs are being evaluated as an alternative
for long-term therapy (34,35). The role of inferior vena cava filters in cancer patients
remains ill-defined, but these devices remain the treatment of choice in patients with
contraindications for anticoagulant therapy.

Clinical investigations of various LMWHSs (including enoxaparin, dalteparin,
certoparin, and tinzaparin) demonstrated survival benefits as compared to UFH in cancer
patients, with certain tumor types at early stages (36—38). Additionally, the efficacy and
safety profile for LMWH was also shown to be superior as compared to UFH or another
anticoagulant such as warfarin (38).

A growing body of evidence supports the existence of a tumor-mediated hypercoagu-
lation state and a strong association between cancer and VTE. Patients with cancer are
at a remarkably higher risk of VTE than patients free from malignant disorders during
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prolonged immobilization from any cause and following surgical interventions. In cancer
patients affected by DVT, the treatment with LMWH has been reported to lower mortality
to a greater extent compared to standard heparin therapy. Such an observation suggests
that these agents might modify tumor growth progression directly or indirectly.

Studies have found an increase in the incidence of newly diagnosed malignancy
among patients with unexplained VTE during the first 6—12 mo after the thromboembo-
lic event (39-42). A positive feedback loop between tumor and clot has been demon-
strated (/). Tumor fibrin is a consistent feature of tumor stroma and is deposited shortly
after tumor cell inoculation (/,43). Because fibrin might be beneficial to tumor growth,
it is possible that the ability of normal or malignant tissue to generate fibrin might
influence metastasis (43).

6. HEPARIN AND LMWH IN THROMBOSIS AND CANCER

Heparin and its fractionated derivative, LMWH, are glycosaminoglycans (GAGs)
(44,45). Each residue is heavily polysulfated, thus giving the biopolymer a highly nega-
tive charge (46,47). This anionic property is responsible for heparin’s inhibitory effect
on malignant processes, including angiogenesis and tumor cell adhesion, and malignant
cell transformations. The antithrombotic effect of heparin is another effective counter-
measure against malignancy, chemotherapy, radiation, catheter, or surgery-induced
thrombosis. Because heparin was discovered over a half of a century ago, our knowledge
of the chemical structure and molecular interactions of this fascinating poly-component
was limited at the early stages of its development. Through the efforts of multidisciplinary
groups of researchers and clinicians, it is now well recognized that heparin has multiple
sites of actions and can be used in multiple indications. In the not too distant in the future,
we might witness the impact of heparin derivatives or LMWH in the management of
various diseases.

LMWHs vary in their affinity for ATIII, presumably as a result of production method
(48). Such differences have been cited as explaining, in part, the differences in LMWH
pharmacodynamics as assessed by anti-Xa activity and one reason why they cannot be
used interchangeably. In contrast, tissue factor pathway inhibitor (TFPI), a vascular
endothelial biomarker that is ATIII independent, might represent a greater potential for
elucidating the role of LMWH in various diseases (49). Tinzaparin is an LMWH pro-
duced by controlled enzymatic depolymerization of conventional, unfractionated por-
cine heparin (48). In clinical trials, tinzaparin is more effective than UFH as treatment for
DVT and is effective in the treatment of PE (32,49).

7. TUMOR FACTORS PREDICTING
SENSITIVITY TO ANTICOAGULANTS

The various tumor types differ in the nature of their interactions with the coagulation
system. In this regard, there are two types of tumor: (1.) those that activate the coagulation
systemdirectly and (2.) those that mediate coagulation activation indirectly via a paracrine
mechanism. Tumors in the first group include renal cell cancer (RCC), melanoma, and
ovarian and small cell lung cancers. These tumors overexpress procoagulant molecules
such as TF, cancer procoagulant, or, in the case of RCC, hepsin on cell surfaces. The
entire coagulation pathway is assembled on the surface of these tumor cells, leading to
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fibrin formation in close proximity to the tumors. This, at least partly, explains the
occasional finding in RCC of a clot emanating from the tumor and extending into the renal
vein and inferior vena cava. Tumors in the second group, on the other hand, tend to
activate systemic coagulation by releasing cytokines (e.g., tumor necrosis factor [TNF-
o], IL-1P) that in turn stimulate the production procoagulant molecules on the surface of
circulating monocytes. Examples of these tumor types include breast, colorectal, and
non-small-cell lung cancers. Based on this difference in the biology of coagulation
activation, one would predict that tumors in the first group might be more likely to
respond to an anticoagulant that interferes with TF/VIla than tumors in the second group.
In support of this hypothesis, anticoagulants have had significant activity in melanoma
and small cell lung cancer but not in breast, colorectal, and non-small-cell lung cancers
in prospective trials (11-14,50).

8. ANGIOGENESIS

The coagulation system, which is activated in most cancer patients, has an important
role in tumor biology. It can make a substantial contribution to tumor angiogenesis, which
represents an imbalance in the normal mechanisms that allow organized healing after
injury. The steadily growing knowledge of the relationship between the coagulation and
angiogenesis pathways has important research and clinical implications. Manipulation of
these systems can minimize both the neoangiogenesis essential for tumor growth and
associated thromboembolic complications.

Angiogenesis is a process that is dependent on the coordinated production of angio-
genesis stimulatory and inhibitory (angiostatic) molecules, and any imbalance in this
regulatory circuit might lead to the development of a number of angiogenesis-mediated
diseases. Angiogenesis is a multistep process, including activation, adhesion, migration,
proliferation, and transmigration of endothelial cells across cell matrices to form new
capillaries from existing vessels. Angiogenesis is a process that involves the formation
of new vessels by sprouting from pre-existing vessels. A combined defect in the overpro-
duction of positive regulators of angiogenesis and a deficiency in endogenous angiostatic
mediators are features documented in tumor angiogenesis, psoriasis, rheumatoid arthritis
(RA), and other neovascularization-mediated disorders (57).

9. ACTIVATION OF COAGULATION
AND ANGIOGENESIS IN CANCER

Many cancer patients have hemostatic abnormalities that predispose them to develop
platelet activation and fibrin formation leading to clinical or subclinical thrombosis
(52,53). Thus, cancer leads to thrombosis, which, in turn, enhances the metastatic spread
of tumor cells. Heparin therapy is effective and safe for thromboprophylaxis,and LMWH
works just as well or better compared to UFH. Its antithrombotic action is another method
by which heparin exhibits an inhibitory effect on malignant processes.

TF has been implicated in the upregulation of proangiogenic factors such as VEGF by
tumor cells. This is the result of acomplex interaction among tumor cells, macrophages, and
endothelial cells leading to TF expression, fibrin formation, and tumor angiogenesis (54).

A recent study has suggested that thrombin generation occurs via the extrinsic (TF
dependent) coagulation pathway on cell surfaces and that some chemotherapeutic agents
are able to upregulate TF mRNA and protein expression in cancer cells (55).
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10. ROLE OF THE COAGULATION SYSTEM IN ANGIOGENESIS

The processes of blood coagulation and the generation of new blood vessels both play
crucial roles in wound healing. Platelets, for example, are the first line of defense during
vascular injury and contain at least a dozen promoters of angiogenesis, which can be
induced to secrete into the surrounding vasculature upon activation by thrombin (22). It
follows that these pathways are also intricately linked within human tumors. Targeting
both the coagulation and angiogenesis pathways might provide more potent antitumor
effect than targeting either pathway alone. Elucidation of the TF signaling pathway using
tumor cells as a model system should provide new insights into the cellular biology of TF
that might be applied to signaling in endothelial cells, smooth muscle cells, and fibro-
blasts. Also, because new classes of anticoagulant molecules have been developed over
the past several years (23,24,56) that selectively target TF and/or the TF-VIla complex,
an understanding of this pathway might provide the rational basis for the development
of new agents to prevent and treat angiogenesis-related disorders, tumor-associated
thrombosis, and the positive feedback loop between thrombosis and cancer (4).

Activation of the blood coagulation system stimulates the growth and dissemination
of cancer cells through multiple mechanisms. Because of this, anticoagulant drugs inhibit
the progression of certain cancers. Laboratory data on the effects of anticoagulants in
various tumors suggest that this treatment approach has considerable potential in some
cancers but not others. For example, RCC is one of a small number of human tumor types
in which the tumor cell contains an intact coagulation pathway leading to thrombin
generation and conversion of fibrinogen to fibrin immediately adjacent to viable tumor
cells (57). Similar observations have been made in melanoma, ovarian, and small cell
lung cancers, but not in breast, colorectal, and non-small-cell lung cancers (58). This is
of considerable relevance to the finding that growth of melanoma and small cell lung
cancer is inhibited by anticoagulants, but that no such effect has been observed in those
other tumor types (/). Based on the relatively unique features of the interaction of the
coagulation system with RCC, RCC might respond to anticoagulation therapy in a way
that is similar to that for small cell lung cancer and melanoma. Hence, an anticoagulant
that inhibit at the TF/VIla level might have an improved efficacy and safety in inhibiting
tumor-associated thrombosis, angiogenesis, and metastasis.

11. ANTICOAGULANTS IN THE MODULATION OF ANGIOGENESIS

TF, FGF2, VEGF, and IL-8, a chemokine, are also proangiogenic (59). Heparin
counters these factors, although the inhibitory effect occurs through different actions.
The natural inhibitor of TF is known as TFPIL. In the presence of heparin, Zhang et al.
showed that TFPI activity is enhanced and the stimulatory effects of TF on angiogenesis
is reduced (59). Chemokines have positively charged domains (60). Heparin might
exhibit its inhibitory effect on IL-8 by binding these positive domains. In addition to
angiogenesis, another key component of metastasis is the adhesion of cells to areas away
from primary tumor growth. Selectins and integrins are families of cellular components
that mediate cell adhesion and are involved in a complex cascade of events following
endothelial cell activation. Tumor cells act as a ligand for the activation of these cellular
elements. Studies have shown that heparin inhibited selectin and integrin-mediated
interactions with tumor cells (61).
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The effects of LMWH tinzaparin, anti-VIla, and r-TFPI on the modulation of angio-
genesis-related processes, including in vitro endothelial tube formation and in vivo
angiogenesis mediated by angiogenic factors and cancer cells, were demonstrated. Data
demonstrated significant and comparable inhibitory effects of the LMWH tinzaparin,
anti-Vlla, or r-TFPI in a concentration-dependent manner on endothelial cell tube forma-
tion. Tinzaparin, anti-VIla, or r-TFPI blocked FGF2-induced angiogenesis in the chick
chorioallantioc membrane model. Additionally, a significant inhibition of colon or lung
carcinoma-induced angiogenesis, tumor growth, and regression was demonstrated with
tinzaparin, anti-VIla, and r-TFPI (62). These studies demonstrated a significant role for
tinzaparin, anti-VIla, and tinzaparin-releasable TFPI on the regulation of angiogenesis
and tumor growth (62).

12. LMWH, TFPI, AND TUMOR METASTASIS

Using the experimental metastasis B16 melanoma-injectable model in mice, subcuta-
neous injection of tinzaparin (10 mg/kg) 4 h before intravenous injection of 2.5 x 10°
melanoma cells reduced lung tumor formation in experimental mice (63). Similarly,
intravenous injection of TFPI (700 ng) 5 min prior to tumor cell injection also reduced
B16 lung metastasis and abolished tumor-cell-induced thrombocytopenia. These results
support the potential role of the LMWH and its releasable TFPI in tumor growth and
metastasis (64).

13. CONCLUSION

Many cancer patients reportedly exhibit a hypecoaguable state, with recurrent throm-
bosis as a result of the impact of cancer cells and chemotherapy, radiation, immobility,
and catheter on further activation of coagulation cascade. Several experimental studies
have demonstrated that UFH or LMWH interferes with various processes involved in
tumor growth and metastasis that still need to be clinically documented. These processes
might include fibrin formation, binding of heparin to angiogenic growth factors such as
FGF2 and VEGF, modulation of TF, TFPI release, inhibition of matrix-degrading
enzymes, and other mechanisms. Clinical trials have suggested a clinically relevant
effect of LMWH, as compared to UFH on the survival of cancer patients with DVT that
needs to be further documented in a large multicenter trial in cancer patients with defined
tumor types and tumor stage. Recent studies from our laboratory defined the role of the
LMWH, anti-factor VIla, and recombinant TFPI in the modulation of angiogenesis,
tumor growth, and metastasis. Additionally, antiplatelet agents such as aspirin and plate-
let GPIIb/IIIa antagonists might be a useful adjunct to standard cancer therapies in lim-
iting platelet—tumor cell interactions.
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1. INTRODUCTION

Patients with bone metastases are at risk for a variety of skeletal complications (1),
each of which can lead to a significant reduction in patient quality of life and considerable
expense to the health care system. Skeletal complications are multifactorial in nature and
typically include vertebral fractures, nonvertebral fractures, spinal cord compression, epi-
sodes of bone pain requiring radiation therapy, and surgery for the prevention or treatment
of fractures. Each of these complications can occur repeatedly over time. The mechanisms
causing skeletal complications are complex biological processes. The objective of this
chapter is to discuss some statistical concepts for the analysis of the clinical complications
resulting from metastases to bone and some basic methods of analysis. Concepts to be
discussed include the use of composite end points, the analysis of recurrent clinical events,
heterogeneity in the clinical course of bone complications, and the need to address the link
between the propensity for bone complications and survival time.

2. A CLINICAL TRIAL

Bisphosphonates have well-documented efficacy for the treatment of bone metastases
(2). To provide a basis for discussion and graphical illustration, we draw from a
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multicenter randomized trial by Hortobagyi et al. (3) designed to investigate the effect of
pamidronate vs placebo on the development of skeletal complications in breast cancer
patients with bone metastases. In this study, patients were accrued between January 1991
and March 1994 from 97 study sites in the United States, Canada, Australia and New
Zealand. Patients with stage IV breast cancer receiving cytotoxic chemotherapy with at
least one predominantly lytic bone lesion = 1 cm in diameter were randomized within
strata defined by ECOG status. A total of 382 women were enrolled in the study; 185 were
randomized to receive pamidronate and 197 placebo. Two patients randomized to pla-
cebo did not have bone metastases and were, therefore, excluded from subsequent analy-
ses. Patients randomized to the pamidronate arm received 90 mg of pamidronate disodium
via a 2-h infusion every 4 wk, whereas patients randomized to the placebo received
dextrose infusions. Patients on a 3-wk chemotherapy regimen were permitted to receive
the study drug every 3 wk. After completion of the planned 1 yr follow-up, the observa-
tion was extended for an additional year (4). Each patient was followed until death, the
last date of contact or loss to follow-up, or February 1, 1996.

Atmonthly visits, patients were assessed and the occurrence of skeletal complications
was recorded. The skeletal complications of interest include pathologic fractures, spinal
cord compression with vertebral fracture, the need for surgery to treat or prevent frac-
tures, and the need for radiation for the treatment of bone pain.

Figure 1 displays the duration of observation and the occurrence of skeletal compli-
cations for the control patients in the Hortobagyi trial (3,4). Each patient is represented
by a horizontal line, the length of which represents the time on study. In most patients,
early termination of follow-up was because of death. The dots on the lines represent the
occurrence of skeletal complications; multiple episodes recorded on the same day are
represented by adjacent dots. The different types of clinical event are not distinguished
in Fig. 1. Because death precludes the occurence offuture skeletal complications, simply
counting the number of skeletal complications is not sensible. For example, patients
dying skeletal-related even (SRE)-free shortly after randomization would be treated as
having had a favorable outcome. It is therefore important for the analysis to summarize
the occurrence of clinical events while dealing appropriately with patients whose pro-
cess terminates early because of death, after which no complications can occur, and
patients who terminate early as a result of study withdrawal, after which skeletal com-
plications may occur.

3. SKELETAL-RELATED EVENT AS A COMPOSITE END POINT

In settings where patients might experience a range of adverse clinical outcomes, it is
common to base treatment comparisons on a composite end point. A composite endpoint
is one that is said to have occurred if any one of a set of particular clinical events occurs.
Composite end points are used in studies of a wide range of chronic diseases. In neurovas-
cular diseases, the composite end point might include fatal stroke, nonfatal stroke, and
transient ischemic attacks (TIAs); in studies of aquired immunodeficiency syndrome
(AIDS), the composite end point might include opportunistic infections, decline in CD4
cell counts below a threshold, and death. Relapse-free survival used for evaluating
adjuvant chemotherapies in oncology is another example of a composite end point. In this
case, a treatment failure is considered to have occurred if a patient experiences a relapse
in any body organ or dies.
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Fig. 1. The duration of survival (or trial participation) is given for the 185 patients of the placebo arm.
Each dot represents a skeletal complication. The data are from the trial of Hortobagyi et al. (4).

Various rationales have been put forward to support the use of composite end point,
including increased efficiency or power of clinical trials (5). Care must be exercised,
however, when interpreting estimates of treatment effect based on these outcomes (6).
Presumably, each component of the composite end point represents the occurrence of
an undesirable clinical event. If a treatment can be shown to delay the onset of the first
of these events, then it might be favorably viewed because these events are all reflec-
tions of temporal progression of the underlying disease process. However, each com-
ponent of the composite end point has a different clinical burden for both the patient and
the health care system. Difficulties arise when interest lies in making conclusions
regarding particular components of the composite end point because studies based on
composite end points are typically not powered to demonstrate treatment effects on a
particular component and analyses focusing on any one end point will not typically
yield significant effects. Qualitative explorations of particular components are war-
ranted to gain insight into the effect of treatment on each component of the composite
end point; if the treatment effects are consistently in the same direction, inferences on
the individual components of the composite end point might be more plausible. We now
proceed with the assumption that the composite end point SRE is clinically meaningful
and consider issued related to their recurrence.

4. HISTORICAL METHODS OF ANALYSIS
AND THEIR SHORTCOMINGS

Clinical trials in oncology most often evaluate a simple dichotomous response such as
whether or not a patient responded successfully to treatment (i.e., whether a skeletal-
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related event was prevented by 1 yr). In previous work we have discussed the difficulties
ininterpreting analyses based on such dichotomous outcomes when follow-up is variable
because of death or study withdrawal (7-9).

Another strategy is to assess the effect of treatment on the time to the first skeletal-
related event. Unfortunately, when applying standard methods for survival analysis to
events that might not ultimately occur, one must distinguish between subjects who die
and those who withdraw without having experienced the clinical event of interest. In
the former case, the event will not occur with certainty, and in the latter, it might or
might not occur eventually. In the SRE analyses, one must effectively address the fact
that patients experience “competing risks” for death and skeletal-related events. This
must be contrasted with survival analyses (i.e., the occurrence of death), where death
is a certainty for all individuals. Naive application of the Kaplan—-Meier method gives
biased estimates (overestimates) of the proportion of patients experiencing an SRE
because patients are typically treated as being at risk for SREs even after death. It is
therefore impossible to give clinical meaning to median times to events estimated from
these curves. Fortunately, estimates of relative risk based on Cox regression models are
valid and are clinically interpretable; their computation is based only on those subjects
observed to be at risk and not on extrapolations beyond death, provided risk sets are
appropriately defined (10).

One approach for dealing with the competing risk issue for the time to the first SRE
is to examine treatment effects on SRE-free survival. This is another example of a com-
posite end point in which the response is the minimum of the time to first SRE and death.
This solves the conceptual problem by changing the question from one based on SREs
alone to one that incorporates both the end point and death. For example, when there is
no treatment effect on survival, one should be able to detect a treatment effect on the
occurrence of SREs. If treatment prolongs survival, this is a beneficial effect of treatment
and, hence, the analyses based on SRE-free survival would be more powerful. If, on the
other hand, the treatment reduces survival, this would be reflected by reducing the evi-
dence of treatment benefit in an SRE-free analysis.

If one wishes to restrict attention to end points based solely on the first SRE, the
cumulative incidence function gives the proportion of patients who have actually expe-
rienced their first SRE, accounting for the fact that none will occur after death (/0). This
can be viewed as a generalization of the Kaplan—Meier estimate for the competing risk
setting. Estimates of the cumulative incidence function are, therefore, interpretable and
offer a useful graphical approach in this setting.

Skeletal complications might recur many times during follow-up, and while neglect-
ing all but the first event allows the use of familiar statistical techniques, this approach
ignores the majority of the clinical events. From Fig. 1, it is readily apparent that analyz-
ing only the first event fails to capture the complexity of the pathological process. More-
over, if cost-effectiveness analyses are intended, it is important to consider the overall
burden of disease for health policy reasons by counting each event, because each one
might incur a cost to the health care system. Table 1 summarizes the advantages and
shortcoming of different methods of statistical analysis. In the following paragraphs, we
make some remarks on methods for the analysis of multiple events.

The first approach that naturally comes to mind is to compute an event rate. For a
particular treatment arm, this is the total number of events for all patients in that arm
divided by the total time under observation for all patients in that arm. This can be
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computed for the patients in the control arm and then compared to corresponding rate for
the treatment arm based on Poisson regression models to asses treatment effects. This
analysis, although intuitively appealing, is based on the premise that the events experi-
enced by each patient are independent of each other; that is, the occurrence of one event
does not alter the risk of subsequent events (//,12). This assumption is often overlooked
and can lead to mistaken claims of positive results (8,9,11,12). Moreover, the competing
risk issue (i.e., that deaths preclude subsequent SREs) must also be addressed to obtain
clinically meaningful estimates of treatment effect. It is the need to incorporate the
features, (1) variation in susceptibility and (2) the competing risk of death, that mandates
the use of the techniques we will discuss.

5. ROBUST METHODS FOR RECURRENT EVENTS

Statistical techniques for analyzing multiple events occurring over a period of obser-
vation have received considerable attention during the past 20 yr. The purpose of these
different methods vary from providing a comprehensive and accurate representation of
the disease process to providing a simple basis for comparing two or more groups of
patients with respect to overall disease burden. Regardless of the precise objective, any
suitable methods for analyzing SREs must reflect the heterogeneity in the time-course of
bone complications and variation in survival. This will ensure reliable estimates of treat-
ment effects and ensure valid scientific inferences through use of appropriate measures
of variablity.

Examination of Fig. 1 suggests several approaches for modeling these data and com-
paring placebo and treatment arms. The time between events in both arms of the trial
could be compared. Alternatively, the time to the first, second, and subsequent events
could also be compared (/3). We limit the discussion to a method that is intuitive and
lends itself to graphical presentation. We rely on the cumulative mean function (CMF),
which provides a convenient interpretable summary of the data. Several publications are
available on multiple event analysis (/3-16). However, only more recently has the issue
of competing risks been addressed and methods for calculating measures of variability
of the data being developed (17,18).

The CMF is simply a weighed sum of the average number of SREs per patient over
time.

Data from Fig. 1 are used to illustrate these computations, which are detailed in
Table 2. The event rate is estimated on each day of follow-up by dividing the number
of events occurring on that day by the number of patients under observation at that
time. On days with no events, the estimated rates are zero. These daily event rates also
represent estimates of the average number of events occurring on each day for patients
still at risk of events. It is convenient to synthesize these average numbers (or estimated
rates) by accumulating their values over time. A straightforward approach is to simply
compute a sum of these the daily averages over an interval of interest; the result can be
interpreted as an estimate of the cumulative number of events (CMF) over this interval.
This approach is valid if there is no risk of patients dying over the interval during which
computations are conducted. If death can occur over this interval, then a weighted sum
must be computed in which the weights associated with each day’s rates are simply the
probabilities of surviving to that day. Weighting by the probability of survival ensures
that the resulting sum is interpretable as an estimate of the average number of events
over time, per patient in the population of patients receiving the corresponding treat-
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Table 2
Calculation of the CMF Values for d 365-375
of the Placebo and Treatment Arms of the
Hortobagyi Trial in Patients With Breast Cancer

t r(t) S(t) r(t)S(t) CMF

365 0 0.556623 0 2.054810
366 0 0.556623 0 2.054810
367 0 0.556623 0 2.054810

368 0.009524  0.546219  0.005202  2.060013
369  0.009615  0.541017  0.005202  2.065215
370  0.019231  0.541017 0.010404 2.075619
371  0.019417  0.535815 0.010404  2.086023
3712 0 0.535815 O 2.086023
373 0.029412  0.535815 0.015759  2.101782
374 0.039216  0.535815 0.021012  2.122795
375  0.009804  0.535815  0.005253" 2.128048

Note: Data for the placebo arm from ref. 4 and corresponds
with the steps in Fig. 2.

ment, and accounting for the fact that events cannot occur in patients who are not
alive. Forrare events, it is often convenient to express these estimates per 100 patients;
this avoids excessively small estimated cumulative expected numbers of events, which
are not readily interpretable clinically (i.e., 0.1 event/patient is expressed more mean-
ing fully as 10 events per 100 patients). The CMF for the data from Fig. 1 is displayed
in Fig. 2 and the insetin Fig. 2 is an expansion of the graph for d 365-375 for the control
patients. We also show the CMF for the pamidronate (AREDIA) treatment arm.

The above computation is described symbolically as follows. Let r(#) denote the rate
of events on day r among subjects at risk of events (i.e., still under observation) and let
S(#) denote the probability of survival beyond day . As stated earlier, the estimate of
the rate on day ¢ is also an estimate of the average number of events on day # among
those alive. The average number of events on day ¢ among all randomized patients
is the product r(¢)S(#), because to contribute to this average, one must survive to this
time. The average cumulative number of events over a 2-yr interval (730 d) is then
computed as r(#))S(t)) + r(t,)S(t,) + =+ + r(t739) X S(t739). The estimate of this quantity
is obtained by replacing r(f) and S(¢) with their corresponding estimates. Table 2 shows
the results of calculations for d 365-375 of the placebo and treatment arms of the
Hortobagyi data (4).

The cumulative mean functions for both the pamidronate and control arms can be
compared using confidence intervals that appropriately reflect the variability of the clini-
cal data (/7). Results of these analyses show that treatment with pamidronate delays the
onset of complications from bone metastases at 1 and 10 yr.

The precision of the CMF in this setting is determined by the degree of dependence in
the event process (i.e., how correlated the events are), the mortality rate, and the associa-
tion between the event rate and mortality. The formulas for variance computations are too
complex for presentation here, but Ghosh and Lin (/8) provide the technical details for
variance estimation of the CMF and associated test statistics.



198 Part II / Therapeutic Strategies
3.0 R
rrrrrrrrrrrr PLACEBO
—— AREDIA e
25 o
z
o s
= — -
5 20
z
>
L
z
L5+
=
w
2 Zz
1.0 - °
i g
g . 2 208 +
) z
O g o206 ¢
0.5 + g
E 2.04
=]
= 202
o
0.0 | 2.00 t f f f t ; + t t |
365 366 367 368 369 370 371 372 373 374 375
DAYS FROM RANDOMIZATION

] I I f ]
0 183 365 548 730
DAYS FROM RANDOMIZATION

Fig. 2. Cumulative mean functions for the treatment (—) and the placebo (---) arms of the
Hortobagyi data are displayed. The curves are significantly different. The inset an expansion of
placebo arm curve for d 365-375. The steps in the function are clearly seen. The corresponding
calculations are shown in Table 2.

6. CONCLUSION

The above-outlined computation is, conceptually, reasonably straightforward. The
methods are suitable when interest lies in characterizing disease burden in a population
of patients or in assessing the impact of different treatment strategies for health policy-
makers. There has been some reluctance to adopt analyses of this sort, as the primary
analyses of clinical trials and alternative methods based on SRE-free survival, for ex-
ample, are more familiar. Models to gain insight into the effect of treatments on different
aspects of the recurrent event process are available and their selection requires careful
exploration of available data (19-21).

In previously reported exploratory analyses of the Hortobagyi trial, we showed that
SRE rates were not independent within patients and that they also varied with length of
observation. Failure to reflect this biological variability in the statistical model could
lead to spurious results (8, /1,12). The concepts of the CMF method for displaying recur-
rent event data enables one to proceed from the complex data displayed in Fig. 1 to the
more intuitive display in Fig. 2. The CMF for the placebo and control arms of the
Hortobabyi trial (4) can be computed and compared statistically to determine the impact
of treatment on the risk of developing SRE using appropriate tests or significance
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(18). Such analyses are best done in collaborations between statistical and clinical scien-
tists. Through such collaborations, maximum information can be extracted from avail-
able trial data and used to guide clinical practice.

10.
11.
12.
13.
14.

15.
16.

17.

18.
19.

20.

21.
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1. INTRODUCTION

Metastasis to bone is a major complication of advanced cancer and occurs in more than
400,000 cancer patients each year. Bone metastasis can arise from many different tumor
types, including breast, prostate, lung, renal cell, thyroid, and bladder cancer, and in
patients with melanoma and myeloma. The development of bone metastasis in cancer
patients contributes significantly to the morbidity and mortality associated with the dis-
ease and leads to increased bone pain, increased bone fragility and fracture, and some-
times death. Metastatic tumor cells in the bone co-opt normal processes involved in bone
resorption and bone formation and stimulate the formation of either osteolytic (depen-
dent on the lytic, bone-resorptive activities of osteoclasts) or osteoblastic (dependent on
the bone-forming activities of osteoblasts) metastatic lesions. Most tumor types form
predominantly osteolytic lesions, with the exception of prostate cancer, which can lead
to metastatic lesions of both the osteoblastic and the osteolytic phenotype.

Despite its prevalence in cancer patients, there are few therapeutic options available
for the treatment of bone metastasis. In general, most available interventions are pallia-
tive and attempt to decrease bone pain and minimize the destruction of bone often asso-
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ciated with the progression of bone metastasis. Nevertheless, there has been significant
advancement in the understanding of bone biology and how it pertains to the progression
of bone metastasis in recent years, with a concomitant acceleration of discovery efforts
targeting the treatment of bone metastasis. A significant body of data has now identified
integrins as being central to many of the processes involved in the pathobiology of bone
metastasis. In this chapter, we provide a survey of the recent integrin literature with
respect to structure, signaling, and expression in cancer and summarize the most recent
advances in the therapeutic targeting of bone metastasis. In addition, we review oppor-
tunities for the development of therapeutic approaches, including the targeting of
integrins, for the treatment of bone metastasis in the future.

2. INTEGRIN STRUCTURE

Integrins are heterodimeric, membrane-bound cell surface molecules that mediate
binding to a variety of ligands involved in cell attachment, migration, proliferation,
differentiation, and survival. As such, integrins play arole in development, angiogenesis,
wound healing, neoplastic transformation, and thrombosis (/).

Each integrin heterodimer consists of an o-subunit and a B-subunit. There are 18
known o-subunits and 8 known -subunits in humans (2). Available human genome data
have not indicated the presence of any novel o.- or B-subunits not already identified. The
o subunits of integrins are approx 150-180 kDa. and the B-subunits are smaller at approx
90-115 kDa (3). The overall dimensions of integrins have been determined by electron
microscopy, and recent studies have provided crystal structures of two integrins, o.,3;
(3,4) and oyy,B5 (5). Based on these two sets of data, it has been inferred that integrin
heterodimers form an 8 X 12-nm globular head with two 18-nm flexible tails that extend
into and across the plasma membrane.

Sequence analysis of o-subunits reveals an N-terminal region comprised of seven
60-amino-acid repeats that are similar in sequence. These repeats form a seven-bladed
“B-propeller” domain in available crystal structures, with each blade being formed from
a four-stranded antiparallel B-sheet (3). The inner channel of this propeller is lined
predominantly with amide and carbonyl groups, with few side chains projecting into the
cavity. Four Ca* binding sites are found in blades 4—7 of this domain, and the calcium-
binding region of blade 7 is hypothesized to stabilize the interaction of the B-propeller
with the “thigh” domain, which resides at the carboxyl-terminal end of the propeller.
The thigh domain extends into two calf domains (calf-1 and calf-2) (3). A recent three-
dimentional (3-D) structure based on electron microscopy (EM) analysis coupled
with X-ray crystallographic data suggests that the calf domains extend into o-helical
domains that span the plasma membrane (5). The B-subunit of integrins is comprised
of the BA domain (an essential requirement for ligand binding) located at the “head” of
the subunit, followed by a PSI domain (plexins, semaphorins, and integrins), four
endothelial growth factor (EGF) domains and a B-tail domain. Although it is assumed
that the membrane-spanning regions of both the o- and B-subunits are a-helical, this
remains to be proven (26).

The o-subunits are subdivided into two groups based on some structural differences.
The first group is formed by o, 0, 0Ly, O 1, Olp, O , Oy, and OLx. These a-subunits have
an extra approx 180-residue domain inserted between repeats 2 and 3 of the B-propeller
domain. This A domain (also referred to as the I or inserted domain) resembles a
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domain found in von Willebrand factor that mediates binding to collagen and is nec-
essary and sufficient for the divalent cation-dependent binding of these integrins to
their physiologic ligands (2). The second group is formed by the alA-lacking integrins
0Ol3, Ols, Olg, Ol7, Olg, Oy, Oly, and oyg; . These integrins are formed by a posttranslational
cleavage of their precursor chains into a heavy chain and light chain that are held
together by a disulfide bond. The light chain is comprised of the entire cytoplasmic
domain, the transmembrane region, and a small portion of the extracellular domain,
whereas the heavy chain comprises the majority of the extracellular domain (approx
120 kDa) of the integrin ot-chain. In heterodimers containing subunits from this second
group of o integrins, ligand recognition requires the atA-like domain (BA) present in
all integrin B-subunits (3).

The midsegment of integrin 3-subunits contains a metal cation-dependent adhesion
site (MIDAS). This MIDAS site is also present in the A domain of those integrins that
possess such a domain. The MIDAS site contains a motif (DXSXS) that provides three
of the five metal cation coordination sites. In the recently published crystal structure of
the Bs-subunit , the MIDAS site is unoccupied in the absence of a ligand (4). In the
unligated structure, the side chain of a glutamine residue intrudes into the MIDAS site
and prevents cation binding. However, in the ligated structure, this side chain is rotated
out of the MIDAS domain, allowing occupancy of this site by a cation. In addition, the
Aspresidue of the Arg-Gly-Asp (RGD) adhesion sequence that mediates ligand binding
to integrins contacts this cation as well and is thought to stabilize the activated confor-
mation of the integrin. Furthermore, recent crystallography data have also revealed a
secondary cation-binding site located 6 A from the MIDAS domain (4). Occupancy of
this secondary site also requires the integrin to be ligated, because in the unligated state,
the secondary cation coordination space does not exist (4). Mutational studies on integrins
have also revealed the presence of an additional cation-binding site in the BA domain, but
the proposed coordination sites were not entirely consistent with data derived from
crystallographic studies (7). Nevertheless, the existence of different conformers of
integrins stabilized by differential binding to cations and leading to different activation
states cannot be ruled out.

The ligand-binding site is hypothesized to comprise sections of both the a- and
B-subunits. Recent data show that the prototypic integrin ligand, the peptide RGD
(described in detail in Section 4), inserts into a crevice between these two domains (4).
This interaction requires eight divalent metal ions, such as Mn?* or Ca®*. Each residue
in RGD makes extensive contact with the integrin, and this binding causes extensive
tertiary and quaternary changes in the conformation of the B-subunit and the relation-
ship of the subunits to each other. The o~ and -subunits move closer together at the
RGD-binding site, and the propeller domain of the a-subunit undergoes a small rota-
tion, with the BA domain of the B-subunit moving in concert. Natural protein ligands,
being larger than the simple RGD, might cause larger changes. Further, the simulta-
neous or sequential binding of two ligands, such as the RGD and the synergy sequence
of fibronectin, could cause even more pronounced conformational changes (4).

Based on data obtained from electron cryomicroscopy studies (5), it has been sug-
gested that the compact conformation depicted in Fig. 1 represents the inactive state of
the integrin and that, upon activation, the entire integrin structure will straighten and
extend. Activation might be induced by ligand binding and could result in changes in
divalent metal coordination and the previously discussed tertiary and quaternary changes.
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Fig. 1. Crystal structure of o, 35. The o-subunit is colored red, the B-subunit is colored blue. Metal
ions are represented by yellow spheres. The image is generated using RasMol and pdb file
IM1X.pdb. The image is shown in three planes, each rotated 90° with respect to each other. The
portion of the molecule that will extend into the plasma membrane is at the bottom of the image
(M). Area 1 is the seven-bladed B-propeller domain. Area g represents the genu region, around
which the integrin might straighten upon activation. The RGD ligand will bind to a region com-
posed of portions of the propeller domain (1) and the A domain of the B-subunit (BA) as approxi-
mately indicated by the yellow circle. (From refs. 8§ [PDB ID: IL6G] and 9.)

However, it is not clear how such changes in the extracellular domains of the integrin
heterodimer could be transmitted to the o-helical transmembrane stalks of the - and
B-subunits, eventually resulting in changes being transmitted to the cytoplasmic domains
of the two subunits. Sequence analysis data and modeling studies suggests that the two
a-helical transmembrane segments might be capable of undergoing helix—coil transi-
tions such as helical rotation or scissoring. The a-helical extension of the B-tail could then
serve as a lever to facilitate cytoplasmic conformational changes (5). Conformational
change induced by ligand-mediated integrin activation is proposed to dissociate the
cytoplasmic tails of the ot~ and B-subunits, which are otherwise clustered in the unactivated
integrin (10). This process, also referred to as outside-in signaling (Fig. 2), would allow
for the cytoplasmic tails of each integrin subunit to interact with intracellular effector
molecules to transduce ligand-induced signaling events. Integrin signaling is discussed
in greater detail in Section 3.

The cytoplasmic tails from various a-subunits share little sequence similarity except
in the membrane-proximal region, suggesting that the o-tails play a unique role in the
activation of each integrin. Each o-subunitis highly conserved across species, suggesting
that these oi-tails are important for specific heterodimer function. Each o-tail can regulate
function by directly initiating signaling events, by modulating B-subunit signaling or
regulating B-tail ligand binding. The cytoplasmic tails of the o-subunits do have a con-
served membrane-proximal region. Experiments that delete the entire o-tail result in
constitutive activation of the integrin, suggesting that the ci-tail is a negative regulator of
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Fig. 2. Schematic representation of integrin signaling.

integrin function (6). Structure analysis of the a-tail by nuclear magnetic resonance
(NMR)reveals aconformation whereby the N-terminal membrane-proximal region forms
an o-helix followed by a turn, allowing the C-terminal end of the tail to loop back and
form an association with the membrane-proximal section of the tail (/7). Mutation of the
highly conserved membrane-proximal region, such that this association is abolished, also
results in a constitutively activated integrin.

2.1. Structural Aspects of Integrin Activation

In quiescent cells, integrins have low binding affinity for their ligands. In response
to certain stimuli, integrins can switch to a state of high ligand binding affinity (/2-15).
Conformational changes are responsible for the switch to a high-affinity state in the
extracellular domain of integrins and are triggered by signaling from the cytoplasm
(inside-out signaling; Fig. 2) (13). Ligand binding also increases affinity for the ligand
by inducing the clustering of integrins, which induces signaling back to the cytoplasm
(outside-in signaling; Fig. 2) (/4). The conformational changes induced by ligand bind-
ing manifest themselves by the appearance of neo-epitopes within the integrin, called
ligand-induced binding sites (LIBS). Antibodies against these LIBS mimic inside-out
signaling by endowing integrins with a higher binding affinity for their ligands (/12—-14).
Activation of integrins in a purified state or on the surface of cells can also be achieved
by the addition of Mn?* or dithiothreitol (DTT) (16). The activation by DTT suggests
a role for cysteine (Cys) residues in the mechanism of integrin activation. The role of
Cys residues in integrin activation has only been studied in detail for the activation of
ouB3 (17-22). However, the participation of Cys residues might be part of a general
mechanism of activation for other integrins as well. The B-subunits of integrins contain
56 highly conserved cysteine residues, some of which have recently been discovered to
be unpaired in oyBs (23). It has been proposed that oyy,B5 integrin has a different
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arrangement of free and paired cysteine residues in the activated and resting states,
suggesting a link between the redox state of the integrin and its activation state (17-21).
Several lines of experimental evidence in the literature support this hypothesis. For
example, selective blockage of free cysteine residues in o35 has been demonstrated
to abrogate the binding of this integrin to fibrinogen, collagen, and fibronectin (22).
Substitutions of certain Cys residues constitutively activate o35 (20,24). In addition,
obBs, as well as o, 35 and o5P3;, have endogenous thiol isomerase activity comparable
to that of protein disulfide isomerase (PDI) (23). PDI s present on the surface of platelets
and has been postulated to possibly play arole in activating oy, 3 by catalyzing disulfide
bond rearrangement (25). Alternatively, or complementary to the activity of PDI, acti-
vated oy, 33 might induce self-activation or the activation of a neighboring molecule of
oy, P5 through its PDI-like activity. A corollary to these observations is that Mn?*, an
integrin activator, stimulates the thiol isomerase activity of oyyB5 (26). In addition,
manipulating the redox state of integrins with exogenously added agents such as glu-
tathione might result in blocking the transition of the integrin to its high-affinity state.
These observations have led to the hypothesis that one way to therapeutically target
integrins involved in disease progression (e.g., those integrins involved in cancer pro-
gression) is to manipulate their redox state and prevent the transition of the integrin to
its activated conformation. Alternatively, agents that bind to and inhibit only the acti-
vated state of the integrin (i.e., that target a particular redox state of the integrin) could
provide a higher level of selectivity for integrin targeted therapeutics.

3. INTEGRIN SIGNALING AND THE CYTOSKELETON

Integrins associate with many protein ligands on the outside of cells that regulate
integrin function and cellular activity (27,28). Integrin clustering is a prerequisite for
integrin signaling and can be mediated by association of the integrin extracellular
domains with extracellular ligands. For example, the major platelet integrin oyy,[3; binds
to fibrinogen once it has been activated during the process of coagulation. Members of
the P, integrin family are responsible for activated leukocytes binding to
counterreceptors such as inflammatory cell adhesion molecules (ICAMs) on endothelial
cells. This attachment of leukocytes is essential for phenomena such as phagocytosis
and T-cell-mediated cytotoxicity (6). The integrin osf3; binds the RGD and synergy
sequences in fibronectin, facilitating the attachment and migration of cells on the extra-
cellular matrix (ECM).

The cytoplasmic tails of both the o- and -subunits are short (less than 60 residues
generally) and devoid of any enzymatic activity. However, the cytoplasmic domains of
integrins also play a vital role in integrin function. Recent data suggest that in addition
to ligand binding on the outside of the cells, the cytoplasmic tails of integrins also play
a critical role in clustering integrins, thereby generating a binding site for cytoskeletal
components and signaling molecules (29). Early studies of integrins showed that the
B,-subunit co-localized with cytoskeletal components in addition to colocalizing with
fibronectin. Specifically, talin and a-actinin (both actin binding proteins) bind to the
cytoplasmic tail of 3;. Talin and o-actinin can further associate with proteins such as
zyxin, paxillin, and vinculin (28). Thus, integrins provide a link between the exterior
of the cell and the cytoskeleton of the cell, controlling attachment, which, in turn,
regulates cell shape and cell spreading.
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The interaction of integrins with cytoskeletal components also leads to the binding of
signaling molecules. Integrins can activate protein kinases, including focal adhesion
kinase (FAK) (27,28). This can be facilitated when FAK interacts with integrins through
talin and paxillin. Activated FAK undergoes autophosphorylation, which creates a bind-
ing site for the Src homology 2 (SH2) domain of Src or Fyn, two kinases involved in cell
survival and migration. Src can, in turn, phosphorylate a number of focal adhesion com-
ponents. FAK can also activate phosphatidylinositol (PI)-3 kinase (either directly or
through Src kinase). Src will also phosphorylate FAK, creating additional SH2 binding
sites. These sites can then bind several molecules, including Src kinases, PTEN, PI-3
kinase, Grb2, and Grb7. These various protein interactions result in cascades of protein
activations transducing signals to downstream pathways including those mediated by
RAS, RAF, MEK, and ERK. These pathways are known to be involved in cell survival
and motility. Integrins can also regulate members of the Rho family of GTPases (30).
These enzymes control the dynamics and structure of actin-based processes, including
formation of filopodia and lamellipodia, as well as the assembly of stress fibers. In tumor
cells, integrins and many of the above-listed pathways are often constitutively activated
and probably contribute to tumor progression.

3.1. Integrin Signaling, Control of the Cell Cycle, and Proliferation

Attachment of normal cells to the ECM is arequirement for proliferation, and integrins
can activate growth-promoting signaling pathways (27,28,31). Integrins can also
synergize with growth factors to activate extracellular signal regulated kinase (ERK).
ERK phosphorylates factors that are responsible for the transcription of c-fos, a transcrip-
tion factor. Furthermore, integrins can activate c-jun N-terminal kinase (JNK), which
regulates progression of a cell through the G, phase of the cell cycle. Activated JNK enter
the nucleus, and activate the transcription factor c-jun, which combines with c-fos to form
the AP-1 complex. AP-1 regulates the expression of multiple genes that are important for
cell proliferation such as cyclins (32). JNK is poorly activated by growth factors alone,
thus explaining why proliferation of cells requires integrin-mediated attachment. Cells
that are not attached to the ECM (via integrins) do not show a sustained, robust activation
of ERK, whichis arequirement for the initiation of the cell cycle. Integrins synergize with
growth factors to control the entry and exit from cell cycle phases, but the specific
coordination of growth factor and integrin very much depends on the cell type and
substrate. For example, FGF-2 and o, 35 signaling is required for proliferation of endot-
helial cells, whereas in fibroblasts FGF-2 synergizes with 3, integrins.

3.2. Integrin-Growth Factor Crosstalk

The requirement for both growth-factor-mediated and integrin-mediated signaling for
many cellular processes is described as integrin-growth factor crosstalk. Integrins trans-
duce outside-in signals upon ligation of extracellular proteins that regulate several
aspects of cell behavior such as migration and survival, but they also respond to inside-
out signals from a variety of stimuli. In migrating or invading tumor cells, these processes
can be dysregulated and contribute to the malignant phenotype. Integrins are often con-
stitutively activated in tumor cells as well as angiogenic tumor-associated endothelial
cells and may mediate outside-in signaling through aberrant phosphorylation and acti-
vation of FAK and RHO kinases as well as integrin downstream signaling mediators (33).
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These same cells can also have aberrantinside-out signaling leading to changes in integrin
affinity (activation), avidity (clustering) (33), and signals that mediate translocation of
integrins to migratory structures (34,35). Atleast four different mechanisms for integrin-
growth factor crosstalk have been described:

1. Binding of a growth factor to its receptor can activate integrins by increasing the affinity,
avidity or level of expression of the integrin: VEGF has been described to activate o, f35,
o, Bs, 0,3, and 053, integrins in tumor cells via a paracrine loop involving PI-3 kinase,
Akt, and PTEN signaling, leading to increased migratory activity (36).

2. Ligation of an integrin results in the enhancement of growth factor response: EGF,
PDGF-BB, and FGF-2 mediated signaling is enhanced by integrin ligation (37).

3. Signaling through a growth factor receptor is amplified by an unligated integrin: Hepa-
tocyte growth factor (HGF)-induced invasion of tumour cells requires both c-Met and
integrin 0if3,. Binding of HGF to its receptor triggers the ligand-independent phospho-
rylation of the 3,-subunit, which is physically associated with c-Met. Phosphorylated
0,sB, activates Sch and PI-3 kinases (38). Similarly, the 0,8, integrin also associates with
and amplifies signals from the ErbB-2 receptor independently of ligation of the integrin
extracellular domain (39).

4. Ligation of an integrin results in growth-factor-independent activation of a receptor:
o5 and B, integrins associate with the EGF receptor and ligation of the integrins
resulted in growth-factor-independent activation of the receptor, which is different than
that resulting from the activation of the receptor upon binding of EGF (40).

3.3. Integrin Signaling and Apoptosis

Apoptosis (programmed cell death) might be induced by signaling through death
receptors or by the release of cytochrome-c from the mitochondria (6,30,31). Apoptosis
canalsobeinitiated by cell detachment from the ECM (a process termed anoikis). Integrin
signaling can prevent the induction of apoptosis, leading to increased survival. For
examples, the ligation of integrin ois 3, (which binds to fibronectin) can induce expres-
sion of Bcl-2, protecting cells from stress-induced apoptosis caused by the absence of
growth factors. Furthermore, ligation of o, [3; promotes survival of endothelial cells by
suppressing the induction of the p53 pathway and activating necrosis factor (NF)-kB.
o5 B, is also capable of activating Shc, which also mediates survival. Integrin ligation also
promotes survival by activating PI-3-K, ILK, Erk, and JNK. Integrin-mediated activation
of PI-3-K produces PI(3,4,5)P3 and PI(3,4)P2, which promote the relocation of Akt to the
plasma membrane and stimulate its phosphorylation. Akt blocks apoptosis by inactivat-
ing a number of pro-apoptotic molecules, including Bad, caspase-9, and transcription
factors of the forkhead family. Akt can also phosphorylate IxB, causing the disruption of
the IxB- NF-xB complex and leading to the activation of NF-kB. NF-«B activation leads
to the expression of numerous survival factors. Depending on the cell type, these can
include vascular endothial growth factor (VEGF), fibroblast growth factor (FGF)-2,
interleukin (IL)-6, IL-8, and others.

In contrast, unligated or inappropriately ligated integrins in cells can transmit
apoptosis-stimulating signals. For example, ligation of integrins o, 3; and 053, in angio-
genic endothelial cells by antagonists induces apoptosis in those cells (4/—43). A recent
study demonstrated that when cells attach to specific matrix-exposing integrins that are
unligated, the cells enter the apoptotic pathway mediated by activated caspase-8 which
binds to o, 35 (44) through a mechanism termed “integrin-mediated death” (IMD). IMD
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can provide the cell with a mechanism to sense its surroundings. Thus, when a cell is in
the wrong environment (characterized by an absence of ligand for a particular integrin),
IMD is triggered. The exception can be tumor cells, which are known to be capable of
anchorage-independent growth most likely supported by the fact that integrins are often
constitutively activated (mimicking the ligated state) in tumor cells and do not require the
presence of ligand for activation.

3.4. Integrin Signaling and Cell Motility

Cell migration is essential for normal physiological processes such as leukocyte
extravasation as well as dysregulated processes such as tumor metastasis and patho-
logical angiogenesis. Membrane protrusions at the leading edge of the cell (formed by
rearrangements of the cytoskeleton) are fixed to components of the ECM by integrins,
which trigger the signaling cascades described previously. Integrins can then stimulate
cell contraction, allowing the cell to move along the ECM (43). Inactivation of integrins
at the trailing edge of the cell allows for detachment from the substratum and the
disassembly of the focal adhesion complex. Integrins can also activate ECM-degrading
proteases such as metalloproteinases. Matrix remodeling by these proteases alters
integrin ligation and further promotes motility.

4. INTEGRIN LIGANDS AND CANCER

A characteristic of the integrin family of proteins is their ability to bind multiple
ligands (46). Selectivity for a particular ligand is determined by a number of factors,
including the activation state of the integrin, the relative affinity for a particular ligand,
and the conformational state of the ligand that determines the exposure of particular
integrin recognition sequences. Table 1 provides a list of ligands for some of the members
of the integrin family of proteins. The types of ligand represented include a number of
ECM proteins (collagen, fibronectin, fibrinogen, laminin, vitronectin, von Willebrand
factor, thrombospondin, bone sialoprotein, and osteopontin) consistent with the primary
role of integrins in mediating cell adhesion to the extracellular matrix. Integrins also play
an essential role in the formation of cell-cell contacts and many counterreceptors are,
therefore, also integrin ligands. Of particular importance to tumor cell biology are recent
observations describing the interactions of integrins with other cell surface proteins with
well-defined roles in tumor cell invasion and metastasis, such as matrix metalloproteinase-
2 (MMP-2) and the urokinase plasminogen-activated receptor (uPAR).

A large body of work has defined the minimal recognition sequences required for the
interaction of many of these extracellular ligands with specific integrins (47). The
prototypic example of these recognition sequences is the RGD sequence, which was
originally identified as the sequence within fibronectin that bound integrin to asf3,. The
RGD sequence has subsequently been shown to be present in multiple ligands with
specificity for anumber of integrins (47). Importantly, RGD-containing peptides are able
to inhibit ligand binding to integrins with RGD recognition specificity. Integrins are able
to discriminate between particular RGD-containing ligands based on a number of crite-
ria, including the amino acid residues flanking the RGD sequence, three-dimensional
presentation of the sequence and specific features of the integrin binding pocket (48).

The complexity of integrin—ligand interactions can be illustrated by considering the
binding of various integrins to the RGD-containing ECM protein fibronectin (FN).
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Table 1

Extracellular Protein Ligands of Selected Integrin Heterodimeric Complexes

Integrin  Integrin extracellular ligand(s)

(12[31 Collagens, fibronectin, laminin

o [31 Fibronectin, thrombospondin, epiligrin, invasin, uPAR

[3] Fibronectin, invasin, VCAM-1

B 1 Fibronectin, fibrinogen, invasin, uPAR

B ) Laminin, invasin, uPAR

B 4 Laminin

BS Bone sialoprotein, fibronectin, fibrinogen, laminin, osteopontin, thrombospondin,
vitronectin, von Willebrand factor, disintegrins, MMP-2, uPAR

Bs

3
OL4
35
0L6

6
o

v
o Bone sialoprotein, fibronectin, vitronectin

Fibronectin is a ligand for 12 members of the integrin family of proteins (46,49),
including the prototypic FN receptor os3;. The RGD peptide sequence is found in the
10 type III repeat of FN (FN-III, ) and, as described earlier, binding is complex. A
second peptide sequence, PHSRN or the synergy site, found in FN-IIIy, promotes
specific binding of FN to o.5f3, apparently through interaction with the ois-subunit (50).
A peptide, PHSCN, based on this sequence has been shown to inhibit tumor growth and
metastasis in preclinical models and has served as the basis for a novel integrin antago-
nist, ATN-161, that is currently in early clinical development (5/,52). Binding of
integrin ois3; to a N-terminal fragment of FN containing type I repeats 1-9 and type I1
repeats 1,2 can also support cell adhesion. This interaction activates signaling path-
ways distinct from those activated by binding to RGD-containing fragments. Cell
recognition sequences leucine-asparic acid-valine (LDV) and arginine-glutamic acid-
aspartic acid-valine (REDV) were originally identified in the alternatively spliced V
region of FN and are recognized by both integrin o3, and 0437 (53,54). The sequences
IDAPS (present in FN-III,,) and KLDAPT (present in FN-IIIs) are also recognized by
integrin oy, (55). Taken together, these examples illustrate that, although there is
considerable diversity associated with ligand recognition by integrins, the specific
interaction of integrins with extracellular proteins can be reduced in many cases to
small peptide sequences.

4.1. Fibronectin

Fibronectin (FN) is the principle ligand for integrin asf3,. This prototypic integrin—
ligand pair is functionally important because it mediates fibronectin fibril formation and
regulates ECM assembly, which is essential for cell function in vivo (49). Furthermore,
the interaction between integrin osf3; and FN is essential for vertebrate development.
Targeted disruption of the FN gene results is an early embryonic lethal phenotype (56).
FN typically consists of a dimer of two subunits of approx 250 kDa each, covalently
linked by a pair of disulfide bonds. FN is an abundant soluble plasma protein (approx 300
tg/mL) as well as an essential component of the insoluble ECM. Plasma fibronectin is
synthesized predominantly by liver hepatocytes, but many other cell types also express
FN. Alternative splicing of the single FN gene results in the expression of many diverse
isoforms of FN with unique cell-adhesive, ligand-binding, and solubility properties (49).



Chapter 13 / Integrins 211

This complex pattern of expression enables cells to precisely regulate the composition of
the ECM in a developmental and tissue-specific manner. Recent work from Kim et al.
(57) has more precisely defined the role of fibronectin and its principle receptor, integrin
oisP3;, in angiogenesis and demonstrated, for the first time, a role for an ECM protein in
the promotion of angiogenesis. As noted earlier, expression of integrin 053, and fibronec-
tin are significantly enhanced on blood vessels of primary human tumors but not on
vessels of normal tissues. Similarly, fibronectin and integrin 053, expression is coordi-
nately regulated on growth-factor-stimulated blood vessels, and the functional role of
integrin ois3; and fibronectin in angiogenesis appears to be a direct consequence of their
growth-factor-induced expression. Antibodies directed against the central cell-binding
fragment (CBD) of fibronectin, which contains the PHSRN and RGDS integrin-binding
sites, inhibited angiogenesis, suggesting that integrin ligation by fibronectin and down-
stream signal transduction events are important for angiogenesis (57). The distribution
of fibronectin in areas of skeletogenesis suggests that it may also be involved in the
differentiation of osteoblasts and the early stages of bone formation. Indeed, using in vitro
models of osteoblast differentiation, it has been demonstrated that antifibronectin anti-
bodies can inhibit the formation of mineralized nodules and the expression of genes
characteristic of the osteoblast phenotype (58). Furthermore, fragments of fibronectin
containing the RGD sequence, as well as an RGD-containing peptide GRGDSPK, also
inhibited osteoblast differentiation. The effects of the peptide GRGDSPK were distinct
from those of larger fragments of fibronectin tested (e.g., FN-IIls_;(), suggesting that
other sequences might contribute to the overall process of differentiation (58).

4.2. Vitronectin

Vitronectin (VN) is a mixture of two monomeric glycoproteins of 65 and 75 kDa found
bothin the circulation and in the ECM. Synthesized primarily by the liver, VN is involved
in a number of physiological processes, including blood coagulation and fibrinolysis,
cellular immunity, and tumor metastasis (59,60). VN contains an RGD motif and regu-
lates cellular functions via integrins o, 3; and o, 3s. In addition to the integrin mediated
functions of VN, the protein can interact with other ligands including PAI-1, urokinase
(uPA), uPAR, glycosaminoglycans (such as heparin), other ECM components (such as
collagen), and complement complexes (such as C5b-9a) to mediate a diverse array of
biological effects (6/). Binding of VN to some of these ligands, including PAI-1 and
complement components, causes conformational changes in VN that alter certain func-
tions of the protein (62).

4.3. Collagen

The major structural protein of the extracellular matrix is collagen. The collagens are
a large family of proteins, containing at least 19 different members. They are character-
ized by the formation of triple helices in which three polypeptide chains are wound tightly
around one another to form aropelike structure. The most abundant type of collagen (type
I collagen) is one of the fibril-forming collagens and is a basic structural components of
skin, tendon, bone, ligaments, dentin, and interstitial tissues. Collagen type Il in its native
form can be bound by two integrins, o;3; and o,f;, through interactions with the tet-
rapeptide RGDA. In contrast, denaturation of collagen I results in exposure of cryptic
RGD sites that bind to integrin o, 35. This ability to recognize different forms of collagen
might allow the cell to bind this substrate under different circumstances such as tissue



212 Part II / Therapeutic Strategies

remodeling or metastatic dissemination. Recent work has demonstrated that expression
of integrin o, in tumor cells increases their propensity to metastasize to bone (63).
Moreover, integrin o33 over-expression increases tumor cell invasion, migration, and
adhesion to mineralized bone and bone matrix proteins, including type I collagen, but
does not affect tumor cell proliferation.

4.4. Laminin

The major glycoprotein of the basement membrane is laminin, which is involved in the
attachment, spreading, migration, and differentiation of normal and neoplastic cells (64).
Interaction between cancer cells and laminin is a prerequisite for basement membrane
invasion and metastasis (65). In addition, laminin regulates interactions between malig-
nant cells and the immune system (66). Several cell surface laminin-binding proteins
have been described, including integrins 0,3, 0P, 0B4, and o Pz (46) as well as
nonintegrin laminin receptors (67). Laminin does not contain an RGD sequence and
binding to integrins occurs primarily via the amino acid sequence YIGSR. A synthetic
peptide containing this sequence has been demonstrated to inhibit the formation of
osteolytic bone metastases in a mouse model (68).

4.5. Osteopontin

Osteopontin (OPN) is a phosphorylated glycoprotein expressed by a number of cell
types, including activated macrophages and leucocytes, and is found at sites of inflam-
mation as well as in the ECM of mineralized tissues (69). OPN contains an RGD sequence
(amino acids 166—168) and regulates cell responses, including adhesion and migration,
through several integrin receptors. OPN facilitates the attachment of osteoclasts to the
bone matrix viaintegrin o, 5 (70). Furthermore, it has been suggested that the subsequent
remodeling of the bone matrix is also dependent on this interaction. Other sequences
within OPN have also been shown to mediate cell adherence. For example, cleavage of
human OPN by thrombin exposes the SVVYGLR sequence, promoting the adherence of
cells expressing integrins 0Oy and 0y (7/). OPN is also a ligand for the CD44 receptor,
through which it acts as a chemoattractant (72). Increased OPN expression is often
associated with malignant transformation (73), and in animal models, this increased
expression is associated with increased metastatic potential (74). A study in breast cancer
patients demonstrated that increased tumor cell expression of OPN was a marker of poor
prognosis for patients with this disease (75).

4.6. Bone Sialoprotein

Bone sialoprotein (BSP) is a noncollagenous, acidic bone matrix glycoprotein synthe-
sized by both osteoclasts and osteoblasts (76) that plays an important role in mineraliza-
tion and in the adhesion of osteoclasts to the bone surface (77). BSP contains an RGD
sequence near its carboxy-terminus and is a ligand for the integrin o, 35 (78). BSP expres-
sion is upregulated in carcinomas that exhibit microcalcifications and that metastasize to
bone with high frequency (79). In a study of patients with primary breast cancer, serum
BSP levels were found to be the most important prognostic factor for the development
of skeletal metastasis (80). The interaction of integrins o, 35 and o, 35 with BSP has been
shown to support human breast cancer cell adhesion, proliferation, and migration (81/).
More recently, it has been demonstrated that BSP, through interaction with integrin o, 35,
can promote both adhesion and chemotactic migration of endothelial cells (82). This
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study also demonstrated that BSP stimulates angiogenesis in a CAM assay, with activity
comparable to that observed with FGF-2 (§2).

4.7. uPAR

Degradation of the ECM plays an essential role in a number of pathological pro-
cesses, including tumor cell invasion, metastasis, and angiogenesis. The high-affinity,
glycolipid-anchored receptor for the serine protease urokinase (uPAR) is often
upregulated on invading tumor cells (83) and spatially restricted degradation of the
ECM, via uPA catalyzed plasminogen activation, is thought to be a prerequisite for
metastasis from many solid tumors (84). More recent work has focused on the physical
association of uPAR with various integrins on the surface of highly migratory tumor
cells (85-87). uPAR is able to form a complex with activated integrins when attached
to specific ECM proteins. These uPAR—integrin complexes both inhibit the integrin
adhesive function and promote the chemotaxis and adhesion to vitronectin via a ligand-
binding site on uPAR (86). Recent work also suggests that uPAR binds to unique non-
ligand-binding sites in repeat 4 of several integrin o--subunits (88) and, importantly,
several peptides have been identified that disrupt the uPAR—integrin interaction (86, 88).
These peptides inhibit uPAR-mediated adhesion to vitronectin, 3;-integrin-dependent
cell spreading, and migration on various substrates. The role of these uPAR-integrin
complexes has also been studied in an in vivo bone xenograft model (§9). MDA-MB-
231 cells overexpressing the inhibitory peptide p25 showed a significant reduction in
tumor progression in bone. More importantly, systemic delivery of the p25 peptide had
a similar effect on MDA-MB-231 tumor progression in bone (89). Taken together,
these data suggest that uPAR physically associates with integrins and that disruption
of this interaction regulates integrin function in a variety of cellular processes.

4.8. Metastasis is Facilitated by Integrins

Metastasis to bone and other tissues involves dissemination of tumor cells via the
bloodstream and the lymphatic system. This multistep process depends on the ability of
the tumor cell to complete a program of steps that includes tumor cell intravasation,
adhesion to the vessel wall, extravasation at the metastatic site, infiltration, and prolif-
eration of the tumor cell within the target tissue. Many of these steps involve the partici-
pation of integrin receptors. The role of a particular integrin in these processes is dependent
not only on its pattern of expression but also its activation state. The activation state of
an integrin determines its affinity for a particular ligand and, in general, controls cell
adhesion (90). This is particularly important within the vasculature, where cell attach-
ment is physically opposed by blood flow. For example, the integrin o, 35 has been shown
to play an essential role in the process of tumor cell arrest within the vasculature by
binding to soluble ligands that crosslink tumor cells to activated platelets bound to endo-
thelium, and only the activated form of o.,3; can mediate this tumor cell arrest (971-93).
Furthermore, the growth of new blood vessels, angiogenesis, is essential for tumor growth
and provides the conduit by which tumor cells disseminate to distant sites. Although the
role of growth factors (e.g., vascular endothelial growth factor [VEGF] and basic fibro-
blast growth factor [FGF-2]) has been clearly established in pathological angiogenesis
associated with solid tumor growth, diabetic retinopathy, and rheumatoid arthritis, it is
also apparent that interactions with the ECM play a vital role in this process. The ECM
provides precise, spatially restricted signals to guide the process of angiogenesis. These
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signals include matrix-associated growth factors, cytokines, and proteases, as well as the
ECM proteins themselves, including laminins, collagens, and fibronectin. Integrins o, 35,
o5, and oi53; are highly expressed in angiogenic endothelial cells and are essential to
this process (94,95). In addition, metastasis can also occur via the lymphatic system and
the interaction of metastatic cells with lymphatic tissue is facilitated by integrins. Breast
cancer cells have been observed to attach to fibronectin through o33, (96) and melanoma
cells are known to bind to vitronectin (97) within the milieu of a lymph node. High-
expression levels of integrin o3 have also been shown to predict for the risk of lymph node
metastasis in oral squamous cell carcinoma (98) and the integrin 0,3, is upregulated in
prostate cancer that has metastasized to lymph node (99).

4.9. Integrins Can Regulate Proteolysis of Invasive Carcinoma

The contribution of proteases to tumor invasion has long been appreciated and repre-
sents a target for clinical intervention. Integrins and proteases are known to be involved
in regulating each other’s activity. As such, adhesive and proteolytic events can be
interdependent in invasive carcinoma. For example, proMMP2 (gelatinase A) is acti-
vated on the cell surface by a complex that includes membrane type 1 MMP (MT1-
MMP), tissue inhibitor of metalloproteinase 2 (TIMP2), and o, 35 (7). Therefore, the o, 35
integrin is not only an adhesion/migration receptor but also controls remodeling of the
basement membrane through the formation of the MMP complex. In addition, the recep-
tor (UPAR) for the protease uPA physically associates with integrins and disruption of
that interaction inhibits progression of breast cancer growth in bone (89). The binding of
uPA to uPAR also induces the association of uPAR to 053, and the activation of this
integrin (100). Formation of the uPA/uPAR/05p3; complex triggered migration of Chi-
nese hamster ovary (CHO) cells.

4.10. Integrin Expression in Cancer Tissue

Primary tumor growth is often associated with changes in integrin expression relative
to the normal tissue or cell type from which the tumor is derived. These changes include
de novo expression of specific integrin subunits, changes in the level of integrin expres-
sion, and, in some cases, changes in the pattern or cellular distribution of integrins.
Characterization of the pattern of integrin expression in tumor biopsies can have utility
in determining the stage of a tumor or provide a useful prognostic marker, especially with
regard to tumor metastasis. Inmunohistochemistry provides a valuable tool in the evalu-
ation of integrin expression in tumor biopsies and data for three tumor types commonly
associated with bone metastasis are summarized in Table 2. Changes in the level or
pattern of integrin expression are unique for each tumor type and can be complex, as
discussed in the following. In general, the loss or gain of integrin expression is not
associated with malignant transformation but is associated with tumor progression and
metastasis (101 ).

Some tumors are characterized by potentially specific changes in integrin expression.
In renal cell carcinoma, the promiscuous o,,[3; integrin is expressed on metastatic tumor
cells but is not expressed by the primary lesion (109), suggesting that o,3, is involved
in metastasis or the colonization of the metastatic site. Strong expression of 0,3, and
weak expression of oisf3; integrin expression has been reported as being a good prognos-
tic indicator for ductal adenocarcinoma of the pancreas and correlates well with the risk
of metastasis (//0). Itis important to note that expression of particular integrin subunits,
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Table 2
Expression of Integrin Heterodimeric Complexes in Selected
Tumor Tissues as Determined by Immunohistochemistry

Integrin heterodimeric complex

Tumor tissue  Lesion (12[3] 0L3BI 0L4BI (15[3] (16[31 0(6[34 (XVB3 (XVB5

Breast Primary t t - + t + +
Metastatic + + - + + + +

Kidney Primary - + + + + + +
Metastatic + + + + +

Prostate Primary * + + + + +
Metastatic + +

Note: Data extracted and compiled from ref. 101 (and references therein), and 102—-108. Scoring
system adapted from ref. 101. (+) = increase in the level of integrin expression; (—) = decrease in the
level of integrin expression; (+) = change in the pattern of integrin expression and/or reduced
expression; (blank) = insufficient data.

or heterodimer complexes, is only one measure of the complex interactions of a tumor
cell with its environment. Application of antibodies specific for activated integrin con-
formations can reveal significant differences between normal and tumor tissues, even
if the expression level of a particular integrin remains constant. For example, it has been
reported that the expression level of activated integrin oisf3; is critical to the process of
metastasis and that this is particularly important in the kidney, where tumor cells adhere
to fibronectin associated with glomeruli (103).

Integrin o434, a laminin receptor, has been implicated in the invasive phenotype of
many carcinomas and represents a potential therapeutic target. However, the expression
of integrin 0P, also provides a good illustration of the complexity associated with
integrin profiling in general. For example, integrin 0,3, is found at the basolateral aspect
of the epithelium in normal breast tissue and in benign lesions. Primary breast tumors
express either reduced levels of o3, or show a significant change in the cellular distri-
bution of the integrin. In contrast, metastatic lesions generally express normal levels of
the integrin (104). Integrin 4 expression is also elevated on the most invasive pancreatic
cell lines. Recently, Lipscomb et al. (///) demonstrated that small interfering (si)RNA
directed against either integrin subunit significantly reduced the invasive potential of
MDA-MB-231 breast carcinoma cells. Similarly, the expression of integrin o3, also a
laminin receptor, is elevated in metastatic lesions (101).

A number of studies have reported that integrin a3, expression correlates with
tumor progression. A survey of lung cancer cell lines and node-negative non-small-cell
lung cancers (NSCLCs) revealed a high frequency of integrin 053, expression (112).
The overall survival rate of patients with integrin a5, overexpressing tumors was
significantly worse than for individuals whose tumors had normal levels of integrin
053, expression (712). Similar results have been reported for primary bladder cancers,
as well as bladder cancer cell lines (//3). A more recent study evaluated the expression
of integrin 5P, in frozen sections taken from human colon, breast, ovarian, and pan-
creatic carcinoma (105). These studies revealed that integrin o5, expression
colocalized with CD31-positive endothelial cells of the tumor vasculature. Impor-



216 Part II / Therapeutic Strategies

tantly, CD31-positive blood vessels found in sections of normal human colon and
breast, as well as other normal adult tissues, were negative for integrin osf3;. Similar
results were obtained when tumor blood vessels were stained for fibronectin expres-
sion, suggesting a functional interaction between the two proteins in the formation and/
or maintenance of the tumor vasculature.

Metastases show an organ-specific pattern of spread, and this can be determined, in
part, by the pattern of integrin expression. A survey of integrin expression in orbital
metastatic lesions from prostate carcinoma, malignant melanoma, and breast carcinoma
revealed elevated expression of integrin subunits o, 0., and 3; when compared to normal
tissue (/06). The authors further suggest that these changes in integrin expression may
be responsible for the tendency of these tumors to metastasize to the orbit and prostate
tumors to metastasize to bone.

Loss or reduction in integrin expression by the primary tumor could result in less
adhesive cells more likely to migrate to distant sites. Characterization of primary breast
tumors demonstrated that loss of ;-subunit containing integrins as well as o, 35 integrin
was related to the presence of metastasis (/07). Although the expression level of each
integrin alone was not predictive of metastatic disease, multivariate analysis including
all of the integrins tested predicted metastatic disease with approx 97% accuracy. A
recent survey of integrin expression in effusions, primary tumors, and solid metastases
of ovarian carcinoma patients showed that the o.,- and ;-integrin subunits are fre-
quently expressed in ovarian carcinoma cells and that the o, -integrin subunit is a diag-
nostic marker for these cells (//4). Expression of the o, -integrin subunit correlated with
expression of matrix metalloproteinase-9 (MMP-9). Expression of the 3,-integrin sub-
unit was not exclusive to tumor cells but could also be detected on endothelial and
stromal cells. Indeed, the authors detected reduced expression of the B;-integrin subunit
in primary tumors and suggested that other integrin subunits, such as 5 as part of the
o,,35-vitronectin receptor, compensate for the loss of 3; expression in these lesions.

A role for integrins in angiogenesis was originally established by the observation that
integrin o35 is overexpressed in the vasculature of some tumors (7//5) and provides
survival signals to activated endothelial cells (47,1/08). These studies have since been
extended to show that antibody and small peptide inhibitors of integrin o35, and the
related integrin o, 35, block angiogenesis in models of both tumor and retinal angiogenesis
(41). Similarly, expression of integrin asf3; and its ligand fibronectin are significantly
enhanced on blood vessels of primary human tumors but not on vessels of normal tissues.
The role of integrin a5, and its ligand fibronectin in vascular development and angiogen-
esis is strongly supported by studies of knockout mice (//6) and recent work from Kim
et al. (105) has precisely defined the role of integrin oi53; in angiogenesis and demon-
strated, for the first time, a role for an ECM protein in the promotion of angiogenesis.

The roles of o,f; and o5 in angiogenesis have recently been called into question
(117). Mice null for either B; or B5 do not have reduced angiogenesis and, in fact, display
enhanced pathological angiogenesis and tumor growth (7/8,119).Itis presently not clear
how to reconcile these results with the extensive literature demonstrating the ability of
o, 33 and o, 5 antagonists to inhibit angiogenesis and tumor growth. One possibility is
that in the null mice, compensatory mechanisms arise that overcome the lack of B; or B5
integrins and, as a result, lead to enhanced angiogenesis and tumor growth. However,
regardless of the role of these integrins in angiogenesis, they remain important targets for
the inhibition of tumor growth and metastasis.
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Expression of integrin o, 3; correlates with tumor progression in melanoma, glioma,
ovarian, and breast cancer (/20). Importantly, o, 3; expression characterizes the meta-
static phenotype and, for example, is abundant in breast cancer cells that metastasize to
bone (/21). In addition, the expression of integrin subunits o5 and o are also signifi-
cantly correlated with metastasis associated with some tumor types, such as lung cancer
(122). Mechanistically, expression of o, 35 supports breast cancer cell attachment under
flow conditions in an activation-dependent manner (/23). This same study also estab-
lished that the metastatic phenotype of MDA-MB-435 human breast cancer cells, as well
as primary metastatic cells from patients, correlated with the expression of activated
0.,35. These data have led to the suggestion that expression of o, 35 is necessary but not
sufficient for breast cancer metastasis and that additional factors controlling the state of
integrin activation are required for metastatic dissemination. For example, a recent study
demonstrated that activated o, 35 integrin cooperates with MMP-9 to regulate the migra-
tion of metastatic breast carcinoma cells (124).

4.11. Integrins in Bone Metastasis

Recent studies have also established a clear role for o, 35 in bone metastasis (92, 7125—
127). In general, there are two types of metastatic lesion formed in bone: those that
promote bone growth (osteblastic) and those that promote bone destruction (osteolytic).
Patients with prostate cancer metastasis and some patients with breast cancer metastasis
are the most likely to have osteoblastic lesions. However, most patients with breast cancer
as well as lung cancer, renal cell cancer, and myeloma develop primarily osteolytic
lesions, which appear to depend on the presence of o35 on tumor cells and osteoclasts.

In preclinical studies, the expression of o, f3;in CHO cells increased the incidence,
number, and area of osteolytic lesions in a mouse model by increasing tumor cell invasion
and adhesion to mineralized bone and bone matrix proteins, in particular type I collagen,
an important ligand for o35 (128). Cells expressing a functionally inactive mutant of
o5 had a significantly reduced ability to form osteolytic lesions. Similar results were
obtained with the breast cancer line BO2 which expresses o, 3; at a high level. More
recently, the role of o, 3; expressed by cells native to the bone in the growth and patho-
genesis of prostate cancer bone metastases was evaluated (/16). Using o, ;-negative
tumor cells, this study demonstrated that inhibition of o5 significantly reduced the
amount of angiogenesis within tumor bearing bone implants and, as a consequence,
reduced the proliferation of o, ;-negative tumor cells. Furthermore, the inhibition of
o, 35 significantly reduced the recruitment of osteoclasts in response to tumor cells and
the degradation of calcified bone tissue.

The relevance of the integrin o, 3; for metastasis to the bone and its importance as a
clinical target is further supported by several studies that demonstrate the ability of
therapies directed against this integrin to inhibit metastasis (92, 7125-127). Integrin o33
binds a number of ECM and serum proteins (46) and also mediates the binding of tumor
cells to the RGD-containing protein BSP, which is a bone-specific protein known to play
an important role in metastasis (/29,1/30). A number of invasive breast carcinoma cells
express constitutively active o35, which endows these cells with the capacity to adhere
and migrate to BSP (/29). Finally, SPARC (secreted protein acidic and rich in cysteine),
also known as osteonectin or BM-40, is a component of the bone matrix, contains a
functional RGD motif and binds to the o, f3; integrin (/31). The role of SPARC in sup-
porting migration of highly metastatic prostate cancer lines was recently demonstrated
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and showed that increased migration to SPARC was mediated by VEGF-activated o, 33
and o35 integrins (/32). Integrin engagement of SPARC also enhanced VEGF expres-
sion, establishing an autocrine loop of integrin activation. Thus, SPARC, through bind-
ing to activated o,B; and o,f5, promoted migration, localization to bone, and
VEGF-mediated survival of the tumor cells within the bone environment (/32).

5. THERAPEUTIC APPROACHES TARGETING BONE METASTASIS

Bone metastases, like metastases to other organs, are often treated using systemic or
in some cases localized therapies. Bone metastases that are localized to a few isolated
bones can be treated with external beam radiation or, in some cases, with surgery as a
palliative measure. For metastases from hormone-sensitive cancers such as prostate and
breast cancer, hormone therapy might be indicated. Unfortunately, by the time prostate
or breast cancer metastasizes to the bone, it is usually hormone refractory and will no
longer respond to hormonal agents. Metastron (strontium-89) has been used in men with
diffuse bone metastasis resulting from advanced prostate cancer but has not been used as
frequently to treat metastases resulting from other cancer types. Metastron deposits in
bone because of its similarity to calcium but is only approved as a palliative agent and has
not led to reduction of tumor burden in the bone, even when combined with chemothera-
peutic agents such as gemcitabine (/33). Finally, despite a multitude of chemotherapeu-
tic approaches to treat patients with bone metastasis, most of these approaches remain
palliative in hormone refractory breast and prostate cancer patients and are generally not
recommended for bone metastases arising from chemoresistant tumors such as lung
cancer. Thus, there is a tremendous need to identify alternative approaches for the treat-
ment of bone metastasis.

5.1. Drugs That Inhibit Bone Resorption

Although there are several drugs currently approved for the treatment of bone metasta-
sis, none of these drugs were actually developed for this indication. Approved drugs for
the treatment of bone metastasis fall into the class of bisphophonates, which were origi-
nally developed for the treatment of osteoporosis. Bisphosphonates bind to bone surfaces
that are undergoing active remodeling, inhibit osteoclast maturation and recruitment, and
induce osteoclast apoptosis. This reduces osteoclast activity as well as the production of
cytokines and growth factors thatinduce bone resorption. Preclinical studies in vitro have
demonstrated the ability of bisphosphonates to prevent tumor cell adhesion and invasion
to bone, inhibit MMP activity generated by tumor cells, reduce the growth or induce
apoptosis of tumor cells, and inhibit tumor angiogenesis (134, 135). Further, preclinical
as well as clinical results suggest that bisphosphonates lower tumor burden in bone and
enhance survival (/36). To date, pamidronate (Aredia) has been the most often used Food
and Drug Administration (FDA)-approved bisphosphonate to treat patients with multiple
myeloma or breast cancer bone metastases. Pamidronate is also effective in reducing
osteoporosis in men with prostate cancer during androgen withdrawal but has not been
effective in palliating bone pain in men with prostate cancer metastases (/37). However,
a more potent third-generation bisphosphonate, zoledronate (Zometa), has been demon-
strated to be effective for the palliation of bone pain in men with metastatic prostate
cancer and has recently been approved by the FDA for the treatment of bone metastases
from all solid tumors as well as the osteolytic lesions associated with multiple myeloma
(138). Zoledronate also reduces the osteoporosis often associated with bone metastasis
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in addition toits palliative effects. Additional studies to explore whether bisphosphonates
are capable of lessening the incidence, delaying the appearance, or inducing the regres-
sion of bone metastasis are currently under way.

5.2. Drugs That Stimulate Bone Formation

The identification of drugs that stimulate bone formation is desirable for the treatment
of metastasis-related osteoporosis in patients with osteolytic metastases or lesions. Cur-
rently, there are no drugs that stimulate bone formation approved for this indication
although teriparatide (Forteo) was approved in 2002 for the treatment of osteoporosis.
Forteo is a 34-amino acid fragment of parathyroid hormone (PTH) that was approved
despite concerns over the tumor-promoting activity of Forteo (Forteo induced osteosa-
rcoma in rats in preclinical studies) (/39). Thus, it is unlikely that this drug will be tested
in cancer patients any time in the near future. In addition, there would be concern over
using a drug that stimulates bone formation in patients with an osteoblastic component
to their bone metastasis, such as in prostate cancer.

5.3. Drugs in Development Targeting Bone Metastasis

There are only a few drugs aside from the bisphosphonates currently under develop-
ment for the treatment of bone metastasis. One of these compounds, Atrasentan (ABT-
627) is an endothelin-1 (ET-1; endothelin-A) antagonist currently in phase III trials
sponsored by Abbott Laboratories. ET-1 can mediate pathological bone remodeling by
tumors, producing ET-1-stimulated osteoblastic lesion progression in preclinical studies
in vivo. The inhibition of ET-1 binding to its receptor significantly reduced osteoblastic
bone metastasis and tumor burden in these preclinical studies (/40,/41). Thus, targeting
the ET-1 pathway with an antagonist such as Atrasentan holds tremendous potential
for the treatment of bone metastasis. A second drug that is currently in development for
the treatment of bone metastasis is a humanized monoclonal antibody called CAL. This
antibody, under development by Chugai Pharmaceuticals, targets parathyroid hormone
related peptide (PTHrP) and is currently in several phase II studies. PTHrP is expressed
by tumor cells from cancers that metastasize to the bone (such as breast and lung) and
generates osteolytic lesions. Neutralizing antibodies against PTHrP have been demon-
strated to inhibit the progression of osteolytic metastasis and decrease the hypercalcemia
often associated with osteolytic bone metastasis in preclinical studies thus emphasizing
the promise of this therapeutic approach (/42).

Finally, osteoprotegerin, which behaves as a receptor decoy and binds to receptor
activator of NF-xB ligand (RANK-L) is currently in phase I trials for the treatment of
bone metastasis. The RANK-L target are discussed in the following section.

5.4. Future Targets for the Treatment of Bone Metastasis

Although there is some effort underway in the area of osteoblast inhibition, many of
the current approaches for targeting bone metastasis are still focused on the osteoclast
because the majority of bone metastases are osteolytic in nature. This is true even for
prostate cancer patients whose metastases are often characterized as being osteoblastic
but, nevertheless, have an underlying osteoclastic component (/43). There are a number
of potential osteoclast processes that are amenable to intervention, including osteoclast
differentiation, osteoclast binding to bone, and osteoclast enzymatic activity. Targets
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involved in these processes include transforming growth factor (TGF)-B and its
receptor(s), CXCR4, RANK-L, cathepsin K, CD44, c-Src-tyrosine kinase, and integrins
such as o, B;. Many of these targets are in fact interrelated and part of the same pathways
mediating osteoclastogenesis and osteoclast differentiation. For example, RANK-L ex-
pression is upregulated in bone endothelial cells by TGF-f (/44). RANK-L mediates
osteoclastogenesis and osteoclast differentiation by increasing osteoclast adhesion and
fusion through the upregulation of o5 (145) and the expression of bone remodeling
proteases such as MMPs (146). o., 35 signaling is thought to occur through c-Src and TGF-
B expression may be regulated through CD44-mediated adhesion (/47). Thus, there
might be multiple points for therapeutic intervention in the same pathway and decisions
on where to intervene will need to involve an analysis of the druggability of the target as
well as the specificity of that target for osteoclast driven metastasis vs other physiologic
functions. Currently, Pfizer has a discovery program to identify small-molecule antago-
nists of CXCR4 and Schering-Plough has an antibody targeting RANK-L. Both of these
efforts are still in the preclinical stage and are focused on inflammation rather than on the
treatment of bone metastasis.

Recent studies also suggest that cancer cell metastasis is mediated by signature sets of
genes for poor-prognosis (/48) and for bone-specific metastasis (/49). Elevated expres-
sion of bone-metastasis-enhancing factors from breast cancer cells include the chemokine
CXCR4, MMP-1, a disintegrin and metalloprotease with thrombospondin motifs-1
(ADAMTS-1), FGF-5, connective tissue growth factor (CTGF), IL-11, follistatin, and
proteoglycan-1. Functional assays suggest a causal role for [L-11, CTGF, and CXCR4,
along with OPN in osteolytic metastasis formation. Overexpression of IL-11 and OPN
combined with either CXCR4 or CTGF in breast cancer cells led to the formation of
aggressive bone lesions (/49). The identification of CTGF and OPN as bone metastasis
signature genes is also consistent with the proposed role of TGF-f3 in promoting bone
metastasis. OPN is a ligand for CD44, and OPN itself is up-egulated by TGF-f (150). In
addition, TGF-P has been demonstrated to regulate CTGF expression and activity in cell
types other than bone suggesting the possibility that a similar situation could also exist
in osteoclasts although this remains to be investigated (/517). Thus, both biochemical and
genetic data implicate the TGF- axis in the progression of bone metastasis and provide
a set of targets for the development of therapeutics to treat bone metastasis.

5.5. Integrin-Targeting Drugs in Development

Although changes in integrin expression were not observed in the signature set for
bone metastasis of breast cancer cells, there is nevertheless overwhelming data support-
ing integrin targeting as a viable therapeutic strategy for targeting bone metastasis (see
Section 4.10.). In addition, integrin activation and integrin-mediated adhesion are down-
stream of many of the genes identified in the signature set as well as through biochemical
techniques. For example, CXCR4 has been demonstrated to mediate integrin activation
and adhesion on various cell types (152,153). Similarly, IL-11 and CTGF have both been
demonstrated to increase the adhesion of cells to fibronectin through the activation of
o5, (154,155). Finally, OPN is a ligand for integrins and integrins such as o, 3; poten-
tiate the malignancy-inducing effects of OPN (/56).

In the integrin antagonist category, several companies are in phase I or early phase 11
trials with monoclonal antibodies or peptides targeting o33, o, Bs, or asp3; (Table 3).
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Table 3
Integrin Antagonists in Clinical Development
Candidate Sponsor Type of molecule Target Clinical trial phase
MEDI-522 Medimmune Humanized mAb ocv[33 Phase 11
EMD12197 Merck KGa Cyclic o, of Phase II
. .. . vi3TvhS
(Cilengitide) pentapeptide
CNTO95 Centocor/Johnson ~ Human mAb af.,of Phase |
vie3 TvES
& Johnson
ATN-161 Attenuon, LLC Capped, 5-mer OLSB v OLVB 5 Phase I/IT
peptide o B,
Osteoprotegerin ~ Amgen Protein RANK-L, Phase [
attenuates B3
expression
EOS 200-4 Protein Design mAb 0(5[3 | Phase I
Labs

Vitaxin (MEDI-523), one of the first integrin antagonists to be entered into clinical trials
for the treatment of cancer, has been replaced by a newer version monoclonal antibody
(MEDI-522), which is currently in phase II trials. The only integrin-related therapeutic
currently in clinical trials for bone metastasis is osteoprotegerin. Unfortunately, all of the
agents targeting integrins for cancer treatment are still early in development and it is,
therefore, too early to assess whether the preclinical promise of these agents will be
translated into the clinic.

6. CONCLUSION

Bone metastasis continues to be a major therapeutic challenge in oncology and the
underlying cause of the morbidity and mortality observed in numerous cancer patients.
Thus, there is a tremendous need to develop agents that can be used to intervene in this
patient population. Recent advances in understanding the pathobiology of bone metasta-
sis have led to the identification of integrins and, specifically, integrin o, 3; as targets for
the development of novel therapeutic approaches for this indication. Several integrin
antagonists are currently in early clinical development and will hopefully be evaluated
in patients with bone metastasis as they advance into later-stage clinical trials.
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1. INTRODUCTION

1.1. Occurrence and Location of Bone Metastasis in Cancer Patients

Bone metastasis commonly occurs in association with solid malignant tumors such as
breast, prostate, lung, and renal cancers (/—5). Thirty to seventy percent of cancer patients
have skeletal metastasis (6), making the axial skeleton the third most common site for
metastasis after lung and liver. Because all of these cancers (breast, prostate, lung, and
renal) are common, metastatic bone lesions actually outnumber primary bone malignan-
cies. The spine is affected in approximately half of all patients with bone metastasis (3,6),
and involvement of the appendicular skeleton, primarily the femur and humerus, is also
common. Metastatic bone lesions can be classified as osteolytic, osteoblastic, mixed, or
intertrabecular type based on histology (3,4,7). Bone metastases secondary to breast
cancer are typically osteolytic in nature, and these lesions are of particular interest as bone
resorption at these sites often leads to pathological fracture. Thus, breast cancer is also
the most common cause of pathological fracture (7).

In addition to causing significant bone pain, pathological fractures associated with
bone metastasis also lead to loss of function in the affected region (/,2,8,9). For example,
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fractures within the vertebral bodies of the spinal column can lead to spinal cord compres-
sion (1,2,8), pelvic and femoral fractures limit ambulation if not surgically treated, and
humeral fractures can limit function of the arm and hand (/0). All of these outcomes limit
function for everyday activities and lead to decreased quality of life and loss of indep-
endence for the patient.

During the last decade, the philosophy of management of bone metastasis has changed
from one of simply providing comfort in anticipation of an early demise to providing
pain-free maintenance of normal daily function so that the patient will have the best
quality of life for their remaining life-span, whether it be months or years (//). Much
research has been conducted into the mechanisms of bone metastasis and pathological
fractures. This knowledge has lead to advances in treatment and advances in achieving
the goal of maintaining a good quality of life and independence. However, there are still
complications that could be improved upon with novel therapies.

1.2. Current Treatment

The current treatment of bone metastasis is both anti-neoplastic and bone supportive,
and remains palliative (/,7/2). Many such treatments are aimed at “freezing” or slowing
down the spread of the metastatic tumors, inhibiting osteoclastic bone resorption,
decreasing or eliminating bone pain, and surgically repairing pathological fractures. A
variety of approaches have been used with variable success, including (1) analgesics—
both nonsteroidal agents and opioids, individually or in combination with other agents,
(2) specific inhibitors of biochemical mediators of pain such as bisphosphonates,
mithramycin, or calcitonin, (3) radiation therapy—including external beam radiation
therapy (EBRT), hemibody or magna field radiation, and systemic radioisotope therapy
using radio pharmaceuticals, (4) hormonal therapy—in breast and prostate cancer
patients, and (5) chemotherapy (/,13). Additional novel therapies are also under inves-
tigation, and promising agents include lumiracoxib (a novel COX-2 enzyme inhibitor)
(14) and doxycycline (a member of the tetracycline family of antibiotics) (15).

Although all of these treatment options play arole in treating cancer patients with bone
pain and bone metastasis, there are many instances in which surgical intervention is
required (/). For instance, approx 10% of prostate cancer patients develop spinal cord
compression, which then requires surgical decompression and stabilization. Similarly,
although bisphosphonates might reduce the risk of pathological fracture, once a pathologi-
cal fracture occurs, medical management will not result in healing or return to function.

1.3. Surgical Treatment of Metastatic Bone Tumors

Surgery is an important aspect of antineoplastic treatment of bone tumors. Metastatic
tumors of the axial and appendicular skeleton often require surgical intervention to
relieve bone pain and allow return to function. The goal of surgery should be to have an
independent, ambulatory, pain-controlled patient.

1.4. Spinal Metastasis

Tumors of the vertebral column might be located in the cervical, thoracic, lumbar or
sacral vertebral bodies. Tumor invasion results in painful microfractures or vertebral
body collapse that can be associated with vertebral instability and kyphosis (6) and,
possibly, spinal cord compression. Surgery is indicated when there is neural compres-
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sion, pathological fracture, instability, progressive deformity, and for nursing reasons
(5). A wide excision might be necessary for the treatment of some vertebral tumors (16);
however, this might result in instability. Reconstruction might be required to maintain
stability as well as to facilitate early mobilization, ambulation, and return to normal
activities. When reconstruction is required, various methods have been used, including
spinal instrumentation to support the spine and bone graft to promote fusion. When bony
fusion is part of the surgical plan, “massive” autogenous bone graft material might be
required (/6). This could be difficult to obtain in elderly patients with osteoporotic bone.

Because patients with vertebral metastasis are often in advanced stages of cancer (16)
and could be in a reduced state of health, surgical intervention under general anesthesia
is somewhat risky. In addition, surgery might be undesirable because hospitalization
could take up too much of the patients’ remaining life (/7). In these cases, vertebroplasty
(VP) is used as an alternative to surgery that restores spinal stability, relieves pain, and
decreases thromboembolic and cardiopulmonary comorbidity (6,17,18).

Vertebroplasty consists of image-guided injection of polymethylmethacrylate
(PMMA) bone cement into the collapsing vertebral body, and in patients with bone
metastases, the goal of this treatment is to provide permanent, partial, or complete pain
relief and stabilization of the anterior column (6). This procedure is indicated in patients
for whom radiation therapy and conservative management have not reduced pain in a
short period of time and surgical intervention is undesirable (/7). Importantly, the
patient’s health must tolerate only sedation and local anesthesia. VP can be used in
combination with radiation therapy, or in the case of neurocompressive lesions, VP can
be combined with a decompressive surgery (6). VP will relieve bone pain in 80-90% of
patients with spinal metastasis, and the complication rate has been reported in the range
of 1-10% (6,18), with cement extrusion into the spinal canal and neuroforamen repre-
senting the most critical complications.

1.5. Appendicular Metastasis

With the progression of treatment of primary cancers, the prognosis for many cancer
patients has improved greatly. With the improvement in prognosis, surgeons have moved
from amputation of affected limbs toward limb-sparing procedures. With aggressive
treatment of appendicular bone metastasis, function can be restored, pain diminished, and
quality of life improved (19).

1.6. Femoral Metastasis

Considering metastasis to the appendicular skeleton, the femur is the most common
site of bone lesions (20,21). When surgical treatment is indicated, removal of the tumor
and reconstruction of the defect is carried out while bypassing all areas of weakened
bone. Because of the shortened life-span of these patients, the aim of bone reconstruc-
tion should be to allow immediate weight bearing and easy return to function (20). The
surgical goal is to provide durable fixation that will last his/her remaining lifetime
while minimizing morbidity associated with procedures. Surgical options are resection
of the metastatic lesion or curettage with stabilization often including adjuvant bone
cement (20). Surgical reconstruction can vary depending on the location of the patho-
logical fracture in the femur. Reconstruction techniques include cemented hemiar-
throplasty, total hip arthroplasty, modular prosthesis, intramedullary reconstruction
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nails, statically locked intramedullary nails, intercallary metal spacers (20,22-24) and
sometimes a construct of plate and screws. These implants are used in carefully chosen
procedures to maximize quality of life while minimizing morbidity.

1.7. Humeral Metastasis

The proximal humerus is also a common site of bone metastasis. This results in bone
destruction, instability of the upper extremity, and loss of functional capacity of the
shoulder joint and joints below that (25). Similar to treatment of femoral bone tumors,
treatment of humeral tumors should include both removal of the tumor and preservation
of limb function. In the past, amputation was conducted, leaving poor functional out-
come. Tumor patients with poor general health tend to experience more difficulties using
unaffected limbs to compensate for amputated or functionally impaired limbs (26). There-
fore, treatments should permit postoperative mobilization.

Currently, reconstructive techniques with mechanical devices such as intramedullary
nails or prostheses, autogenous or allogenic bone graft, vascularized fibular graft, or
arthrodesis are being conducted to achieve these goals (10,25,26). With various prosthe-
ses, functional scores have been reported between 50% and 57%. These scores were
highest in pain relief but lowest in emotional acceptance and functional outcome.

1.8. Complications With Surgical Treatment

Although the goal of reconstructive surgical treatment of metastatic lesions is to return
the patient to ambulatory status with the use of all limbs, this can be challenging (27).
Surgical reconstruction of bones of the appendicular and axial skeleton in cancer patients
suffers from lack of available donor tissue and donor-site morbidity. Therefore, mechani-
cal devices such as implants or prostheses are often used to achieve this goal. The most
common complication associated with implants in both the appendicular and axial skel-
eton is implant loosening and associated mechanical failure (28). Loosening occurs when
there is lack of bone formation and absence of integration of bone with the prosthesis.
Bone cement is often used in combination with implants in attempt to improve stability;
however, this can then place patients at increased risk of postoperative infection.
Mechanical failure can also occur because there is a lack of bone healing in pathological
fractures. When there is no bone healing, there is no load sharing between the implant and
bone. This leaves the implant to withstand all of the forces placed on the limb and often
results in fatigue failure (29).

Because mechanical devices are limited by a finite durability and increased risk of
infection (28), biologically active constructs or living tissues are progressively replacing
the world of inert medical devices (30). Conventionally, living tissue used to promote
bone healing has been in the form of autogenous cancellous bone graft, which has osteo-
genic (bone forming), osteoconductive (bone cell supportive), and osteoinductive (bone
cell stimulating) properties. Cancellous bone graft has been the “gold standard” to pro-
mote bone healing for many years (3/-35). However, limitations include insufficient
quantity of graft tissue, morbidity at the donor site, variable transfer of viable bone
forming cells (osteoblasts), and requirement of a surgical procedure for each bone graft
procedure (37-36). These limitations are exacerbated in cancer patients, who are often
elderly, and have osteoporotic bones in many areas of their skeleton, including bone graft
donor sites, and who often cannot tolerate multiple surgical procedures for obtaining
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multiple bone grafts. More recently, the trend for replacement of mechanical devices with
living tissue is being accomplished and investigated through selective cell transfer and
tissue engineering methods (27,28,37).

2. TISSUE ENGINEERING: A NOVEL THERAPY

Tissue engineering is an interdisciplinary field that applies the principles and methods
of life sciences toward the development of biological substitutes that can restore, main-
tain, or improve tissue function (28). Regeneration of skeletal tissues is among the most
promising areas of biological tissue repair (30,38). The first clinical successes have been
recorded in the repair of structural tissues such as cartilage and bone (30). Clinically,
tissue engineering involving selective cell transplantation using autologous cultured
chondrocytes is being used successfully to repair damaged articular cartilage in orthope-
dic patients (38).

Bone tissue engineering focuses on restoration, maintenance, and improved bone
tissue function. One of the primary goals for tissue engineering in oncology is to develop
new methods of tissue replacement to restore posttreatment anatomical structures and
their function (28,30,39).

Three essential elements are required for successful bone tissue engineering: cells
(osteogenic properties), growth factors (osteoinductive properties), and scaffold or matrix
(osteoconductive properties). Therefore, three general approaches have been applied to
the art of tissue engineering of bone: cell-based therapies, factor-based therapies, and
matrix-based therapies (28,40).

2.1. Cell-Based Therapy

Cell-based therapies in tissue engineering are based on transplantation of differenti-
ated cells or progenitors of a certain lineage into the site of tissue defect. Cells used in
tissue engineering can be derived from numerous sources, including primary tissues and
cell lines. Ideally the cells should be nonimmunogenic, highly proliferative, and easy to
harvest and have the ability to differentiate into a cell type with a specialized function
(28). Cells are responsible for the formation and maintenance of the integrity of the
respective tissues. The proper cells will further contribute to the repair of tissues by a
number of mechanisms, including the secretion of soluble signals and matrix molecules
(28,30). Therefore, it seems logical to provide additional cells, fully differentiated or
progenitors, as building blocks for the repair of damaged tissues (30). One way to do this
is through cell-expansion technologies. With cell-expansion techniques only a small
amount of donor tissue is required for isolation of cells compared to “massive” amounts
of bone graft required with some conventional surgical techniques.

Cells can be obtained as autologous, allogenic, or xenogenic cell populations
(31,38,41-43). Autologous cells are still the first choice because they generally limit
problems in terms of potential inflammatory reactions, immune reactions, and other
issues related to transfer of potential pathogens (30). Because only a small amount of
donor tissue is required when expansion techniques are used, harvest of autologous cells
can be achieved with minimal donor-site morbidity.

Reimplantation of cells or cell transplantation is central to tissue engineering (39). Not
only does this require harvesting donor tissue and isolating and expanding cells, but the
cells might also be modified in vitro prior to implantation to restore tissue function. Cell
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transplantation can take the form of direct injection of dissociated cells or placement of
cells onto natural extracellular matrix proteins such as collagen (39). Tissue engineering
can take it a step further to create three-dimentional (3-D) cultures on scaffolds prior to
implantation (44).

2.2. Factor-Based Therapies

Factor-based therapies involve the introduction of proliferative and differentiation
factors into the bone defect site (45—48). In bone tissue engineering, this might be accom-
plished using demineralized bone matrix, which is allogenic bone treated so that the bone
morphogenetic proteins (BMP) and other osteoinductive factors present in the bone
matrix are made available (49), or purified growth factors (50). Osteoinductive factors
introduced into a defect site depend on a source of inducible, osteogenic cells available
at that site for success (51-54).

The direct application of purified growth factors in a bone defect has other limitations
that diminish its usefulness clinically at this time. Rapid physical resorption of factors
placed in the bone defect and lack of temporal and spatial control over local concentra-
tions of the growth factors (32,37) might lead to a requirement of large quantities of
osteoinductive factors for induction of bone formation in vivo (48,55,56). This might be
cost-prohibitive for widespread clinical use. Additionally, it has been difficult to translate
experimental therapy in rodents through large-animal models to humans (37,57,58), and
optimum clinical dosages have not been determined for use in human patients. Use in
cancer patients is controversial. Orthopedic oncologists have concerns that direct use of
a growth factor that “turns on” many types of cells, including bone-forming cells, might
also “turn on” quiescent cancer cells (39,59). Although use of factor-based therapy alone
has some drawbacks, a combination of cells and/or matrix with factor-based therapy
might eliminate these shortcomings.

2.3. Matrix-Based Therapies

Matrix-based therapies in bone tissue engineering involve the use of synthetic
osteoconductive materials or biomaterials such as titanium, bone cements, and ceramics.
When there is a healthy source of osteogenic cells at the defect site, the macroporosity
of the biomaterials facilitates the penetration of cells into the implant, allowing the
osteogenic process to occur within the inner surfaces of the pores in order to potentiate
bone healing and bone integration (60). New biomaterials are required to serve as tem-
porary implantable devices that can act as hollow molding chambers, porous tissue
scaffolds, and bioactive material delivery devices (39). Calcium phosphate (CaP) bone
substitutes are currently used for bone replacement or augmentation in many different
clinical applications such as repair of bone defects or coatings for metallic implants (60).
Recently percutaneous techniques for implanting bone substitutes have been developed
including injectable CaP biomaterials for bone replacement.

Various materials have been used as bone substitutes, but many of them possess
problems such as poor biocompatability and inferior mechanical strength (31,61-64).
Osteoconductive materials also lack osteogenic and osteoinductive properties that limits
their usefulness (57,61). A source of induced osteogenic cells must be present at the bone
defect site for osteoconductive materials to be successful. Success with the use of
biomaterials alone in cancer patients could be limited by a lack of healthy osteogenic cells
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at the defect site. However, combining cells and/or osteoinductive factors with
biomaterials should improve the outcome of matrix-based therapy.

Ideally, bone tissue engineering would involve a combination of cell-, factor-, and
matrix-based therapies that mimic the properties of autogenous cancellous bone grafts,
the gold standard for promotion of bone healing, to the highest degree and lead to opti-
mum results in bone healing. There are many places where selective cell transplantation
and bone tissue engineering would benefit treatment of bone metastasis and pathological
fracture. For instance, expanded cells and an injectable matrix could be useful in VP in
place of bone cement, which has some complications. Cells and matrix could be used in
combination with mechanical devices to promote bone healing and integration and pre-
vent loosening and mechanical failure of the implants. In some instances, bone tissue
engineering could be used to improve the strength of the bone and prevent pathological
fracture.

3. DEVELOPING A NOVEL THERAPY

Considering complications that occur with conventional antineoplastic and bone-
supportive therapies, there is a need for novel therapy in the treatment of bone metastasis
and pathological fractures. Bone tissue engineering is a promising novel therapy for use
in combination with conventional therapies.

The success of each product, and of tissue engineering in general, is dependent on the
ability to demonstrate that products are both safe and effective (57,65). This requires much
research during the development of the tissue-engineered product prior to clinical use.

3.1. Cell and Tissue Sourcing

Although autogenous cells are considered the best source of cells for use in tissue
engineering, allogenic and xenogenic cells are being investigated as cell sources as well.
Regardless of the source of cells, relevant characteristics of the donor(s) should be speci-
fied, including species, age, and sex. Harvesting of tissues or cells from the donor should
be performed under aseptic conditions, and cell culture operations should be carefully
managed in terms of quality of materials, manufacturing controls, and equipment vali-
dation and monitoring (65). Records should be kept detailing the components used in
culture media, including their source and lot number.

The essential characteristics of the cultured cell population (phenotypic markers, func-
tional properties, activity in bioassays) should be defined, and the stability of these
characteristics established with respect to time in culture (65).

3.2. Cell and Tissue Characterization

Cells or tissues used for tissue-engineered products need to function in a predictable
and clinically relevant manner (30,65). The development of in vitro assay systems that
assess the consistency of cell differentiation and identity, purity, and potency might
play a key role in ensuring the ultimate function of tissue-engineered products. When
these assays are extended and validated in the context of an appropriate in vivo or other
model, they might be predictive of clinical potency (65).

Invitro assays to assure expression of the clinically desired phenotype in expanded cell
strains might be needed to ensure appropriate function of the tissue-engineered product
(65). Because many isolated cell populations are heterogeneous, methods to assess
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whether the desired cells are present and in what proportion will be required for cell and
tissue characterization.

3.3. Cell Identity

Production of tissue-engineered products requires the development and validation of
specific methods for the positive identification of cells, which may include evaluation of
cellular morphology, cell-specific antigen expression, or gene/gene product expression
(30,65). Each component of cell characterization can be monitored through the develop-
ment of in vitro assay systems to ensure that the cells of interest are present and capable
of performing the expected task.

3.4. Cell Potency

Cell potency is a measure of the ability of the cells to exhibit a desired phenotype or
express appropriate levels of a therapeutic agent (65). The potency of autogenous cells
is based on cell viability and/or the expression of specific cellular markers that are
associated with the desired phenotype.

3.5. Animal Models

Animal models for structural repair or physiological restoration are often preferred for
the assessment of potency using tissue-engineered products (65). If the development of
an appropriate in vivo model is not possible, then in vitro models of cell differentiation
on surrogate animal models, in which the appropriate cellular function can be demon-
strated, can also be valuable.

4. OUR RESEARCH INTO SELECTIVE CELL
TRANSPLANTATION AND BONE TISSUE ENGINEERING

In our research, we are conducting in vitro and in vivo experiments to develop suitable
procedures for osteogenic cell expansion, stimulation, and transplantation into bone
defects following the requirements outlined earlier. Our research program focuses on
translational research, which will use previously determined techniques and information
of in vitro mechanistic studies combined with in vivo experiments to move toward clini-
cal use of this knowledge in promotion of bone healing in cancer patients.

4.1. Osteogenic Cells

We are isolating osteogenic cells from human and animal osteogenic donor tissues,
including bone, periosteum, and bone marrow. Isolated osteogenic cell populations
include a heterogenous population of cells such as fibroblasts, chondroblasts, and cells
of the osteoblastic lineage (66,67). Cells of the osteoblastic lineage include osteo-
progenitors, which are the proliferative cells of the lineage known to differentiate into
bone-forming osteoblasts (66—68). The greater the number of osteoprogenitor cells at
the bone defect site, the greater the amount of new bone will be formed (5/). For this
reason, it is important to assess the proportion of osteoprogenitors in the total osteogenic
cell population. We are determining this proportion using a well-accepted osteopro-
genitor assay (69).

Periosteal tissue and cancellous bone tissue are available as autogenous donor tissues;
small amounts of these tissues could be readily collected at surgery with minimal mor-
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bidity (33). We are evaluating human bone and equine periosteal tissue in parallel. This
will allow us to evaluate two osteogenic cell donor tissues simultaneously and to evaluate
the horse as a large animal model for bone tissue engineering.

4.2. Expansion Techniques

Autogenous osteogenic tissue from a donor will be limited in quantity. Therefore,
culture methods that result in optimum expansion of osteogenic cells for use in cell-based
therapy will be essential. The timeframe for expansion of bone cells is also an important
issue. Clinical usefulness of transplanted bone cells for promotion of bone healing in
fracture patients will require that large numbers of cells be available as early as 2 wk
postsurgical stabilization of a fracture or resected tumor. Two main cell culture tech-
niques are commonly used to isolate and expand osteogenic cells in vitro: explant cultures
and enzyme-released cells (31,43,56,70-72). Significant differences in cell proliferation
(40) and ultimate cell number obtained have been shown with these methods. We are
comparing these techniques with a dynamic cell culture system involving cells attached
to micro carrier beads maintained in suspension within a spinner flask (73). Although
dynamic culture techniques are more complicated systems, a dynamic in vitro microen-
vironment for tissues might be an important aspect in guiding the formation of tissue with
certain structural and functional characteristics (28). The use of dynamic culture systems
allows the investigator to control flow and mixing, which can enhance the mass transfer
of nutrients, wastes, and regulatory molecules (28). Some researchers have shown that
stirred conditions improve the quality of cartilage produced in comparison to static
cultures. Hydrodynamic stimulation of the cartilage resulted in the production of greater
amounts of extracellular matrix components, such as GAGs, and collagen, leading to
improved mechanical properties. We are comparing the number and proportion of
expanded osteoprogenitor cells available for transplantation (69) between techniques.

4.3. Stimulatory Factors

Once we have determined the best culture technique to provide the highest numbers
of the desired cell type (osteoprogenitors), we will attempt to modify the cells in vitro
prior to transplantation in vivo. Various factors will be investigated for stimulating or
“priming” the cells to differentiate and produce maximum amounts of new bone.

Inductive factors, including bone morphogenetic proteins (BMP) and insulin-like
growth factors (IGF), have been investigated with osteogenic cells of different species
and have been shown to increase production of bone matrix proteins.

Vascular endothelial growth factor (VEGF) has been shown to be expressed by osteo-
blasts (74). Because angiogenesis is important for bone formation in vivo, we are inves-
tigating the effect of VEGF on osteogenic cells in vitro along with other factors that have
been studied more extensively.

Other stimulatory factors including doxycycline will be investigated for their effect on
differentiation and bone production. Research recently conducted by one coinvestigator
(GS) at the Hamilton Regional Cancer Center (HRCC) showed that treatment with doxy-
cycline significantly increased several parameters of bone formation in long bones of mice
including osteoid volume, osteoid surface and number of osteoblasts/ bone surface (15).

The factor that is most effective in stimulating the production of bone matrix will be
used in the preparation of osteogenic cells prior to trasplantation in vivo. Because the cells
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are being primed with the stimulatory factor rather than local implantation of the factor
at the bone lesion, the risk of stimulating quiescent cancer cells is eliminated.

Once appropriate in vitro studies have been completed, the isolated, expanded, and
stimulated osteogenic cells will be mixed with a collagen gel that will provide a matrix
for the osteogenic cells. A mixture of collagen gel with osteogenic cells will be able to
be injected percutaneously into the bone defect site, thereby eliminating the need for an
invasive surgical procedure.

5. TRANSLATIONAL RESEARCH

This research program uses translational research to move from mechanistic in vitro
studies of bone physiology toward use in clinical bone defects. An important step in
translational research is the in vivo investigation in appropriate animal models. We are
focusing on the use of adult horses as a large animal model for promotion of human bone
healing. Horses have been used as a large animal model for cartilage repair in humans for
many years (75). The horse will be a more appropriate large-animal model compared to
small ruminants or dogs, which are often used (63,76). Horse fractures are often large
segmental defects, and they often have delayed union of fractures and other bone-heal-
ing-related problems similar to humans (77). Dogs do not typically have bone-healing
problems and can ambulate readily on three limbs after fracture repair. Small ruminants
(sheep and goats) are known to have especially good bone-healing properties because of
the formation of plexiform bone during bone healing. Therefore, the horse, an animal that
has similar bone-healing problems as humans, who must bear weight to ambulate post-
operatively, and an animal often required to perform athletically after the bone is healed,
will be a good large animal model for use in investigations of human bone healing.

6. CONCLUSION

For tissue engineering to change clinical oncology practice, much progress still needs
to be made (39). A cooperative interdisciplinary effort among engineers, biological
scientists, and clinicians is essential for this progress (27,28,30,39). Once methods are
derived to engineer tissues, methods must be discovered that yield marketable products
in ways that can be scaled up for industry (30,65). Products must pass regulatory stan-
dards and become acceptable to clinicians and patients. Many researchers are involved
in various aspects of the development of tissue-engineered products for cancer patients.
It is likely that this novel therapy will be instituted clinically in the near future as an
important adjunct for treatment of bone metastasis and pathological fractures.
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1. INTRODUCTION

Cancer spread to bone is a significant cause of morbidity in patients with metastatic
spread. Metastatic bone disease is also the most common cause of destructive lesions in
the adult skeleton. With improvements in adjuvant therapies and a decline in age-stan-
dardized cancer mortality, skeletal metastases are increasingly prevalent in advanced
spread (/). As such, there will be greater emphasis on the treatment of patients with
metastatic spread. Breast, lung, prostate, and kidney are the carcinomas with the greatest
propensity for bony metastatic spread. Common anatomic sites of such spread include the
axial skeleton (vertebral bodies) and proximal limb girdles (humeri and femora).

Management of bone metastasis is palliative and is mostly directed toward positively
influencing patient quality of life. Goals of treatment include pain relief, preservation of
ambulation, and improvement of emotional and psychological well-being. Pain is the
most common presenting symptom, and with increasing bony tumour burden, the risk of
pathologic bony fracture imposes significant morbidity. The clinical sites of most signifi-
cant consequence include weight-bearing long bones and the vertebral column. The
consequences of pathologic fracture include acute pain from bony instability and tumor
emboli causing respiratory complications relating to extensive bony tumor spread (2,3).
In the weight-bearing lower extremity, pathologic fracture impacts ambulatory capacity
and, often, the femur is a site with the propensity for tumor emboli (2—4). Treatment is
directed toward providing the highest quality of life at acceptable risk and, often, surgical
stabilization is recommending for pathologic fracture of weight-bearing long bones to
assist in pain control, afford skeletal stability, and facilitate patient mobility.
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Involvement of the vertebral column can lead to pathologic burst fracture that con-
tributes toward progressive spinal cord compression with resultant paralysis. Apart
from analgesia and systemic strategies to deal with global tumor burden, local strate-
gies include external-beam radiation therapy, vertebroplasty, and conventional spinal
surgery. Each of these local strategies has limitations and potentially significant com-
plications. There are radiation exposure limits prior to radiation-induced spinal cord
damage. There is a threefold to fourfold increased risk of major wound complications
in patients undergoing spinal surgery who have had previous local radiation (5,6).
Complication rates in conventional spine surgery are significant in what are often
complex cases (5—13). The complication rates of vertebroplasty in spinal metastases
also appear to be greater than its use in osteoporosis (/4-17).

Although systemic strategies to deal with metastatic involvement are important in
reducing overall tumor burden, the clinical issue of treatment for significant precritical
bony lesions posing risk for pathologic fracture and complications is important. Ongoing
research is required to develop efficacious local therapies with minimal side effects and
associated patient morbidity. The approach of the early identification of clinically signifi-
cant precritical bone metastatic lesions followed by early institution of treatment poses
the most promise in patient palliation.

2. PHOTODYNAMIC THERAPY
AND ITS MUSCULOSKELETAL APPLICATION

Photodynamic therapy (PDT) is a promising cancer treatment that induces targeted
localized tumor destruction by the photochemical generation of cytotoxic singlet oxygen
(18-22).PDT employs wavelength-specific light in combination with a photosensitizing
agent. The photosensitizing agent accumulates in neoplastic cells and is activated by light
at low power, which does not cause thermal effects. Subsequent oxidative stress elicits
directlocal tumor cell death. Cellular mechanisms include microvascular injury inducing
tissue hypoxia, complement-mediated infiltration of activated neutrophils, and induction
of cell apoptosis (18,23-27). Effects are governed by light energy applied, tissue oxygen-
ation, and the optical properties of the tissues. Clinically, PDT has been used in breast
cancer recurrences and other primary malignancies with encouraging early results (27-35).

The use of PDT in musculoskeletal neoplasms has been limited and is an area of current
development. In primary bone maligancies, the goal is often cure, with the modern-era
treatment of primary sarcomas having improved dramatically through the use of
multimodality therapy involving wide-resection surgery and neo-adjuvant or adjuvant
chemotherapy/radiotherapy. However, there are many tumors that recur locally or occur in
anatomical locations that make wide-resection difficult. PDT can be a useful adjuvant to
current local strategies in such situations. The feasibility of such an approach was demon-
strated by Nambisan et al. in a case series of 10 patients who had recurrent retroperitoneal
sarcomas treated by repeat surgical resection and adjuvant intraoperative PDT of the tumor
bed (36). There were no complications reported from PDT using hematoporphyrin derivate
(HPD) or dihematoporphyrin ether (DHE) at a total light dose of 30-288 J/cm? (36).
Because photosensitizer drugs are preferentially taken up by tumor cells, tumor-related red
fluorescence was concluded to be clinically useful in identifying residual tumor areas (36).

Knowledge is evolving in the use of PDT for the treatment of musculoskeletal neo-
plasms. In 1993, Hourigan et al. corroborated the in vitro sensitivity of primary human
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sarcomas to photodynamic tumoricidal therapy (37). The authors confirmed the pres-
ence of an energy dose-dependent effect for porphyrin-based PDT on three different
human musculoskeletal neoplasms grown in vitro (37). When compared to human
osteogenic sarcoma and dedifferentiated chondrosarcoma, a giant cell tumor exhibited
the greatest cytotoxic response to therapy (37). There are also reports demonstrating
in vivo efficacy of PDT in chondrosarcoma and fibrosarcoma in orthotopic rat and
mouse models, respectively (38,39). There have also been reports on the use of PDT
in a mouse osteosarcoma cell line (40,41 ). The clinical feasibility of PDT as an adjunct
to surgical resection to treat recurrent sarcomas was demonstrated in the aforemen-
tioned study by Nambisan et al. (36).

Other musculoskeletal applications of PDT include evaluation of photodynamic syn-
ovectomy in an inflammatory arthritis model (42,43). There have been reports on the use
of the therapy in extracorporeal photochemical purging of bone marrow constituents in
transplantation (44—49). The use of PDT to directly treat structural bone lesions is limited
(50). The ability of the therapy to treat bone relate, in part, to the ability to access lesions
contained within bone and issues regarding light transmission and attenuation through
human bone.

3. OPTICAL PROPERTIES OF BONE

Knowledge is evolving regarding the optical properties of bone (5/-55). Takeuchi
et al. evaluated the correlation between bone mineral density and light penetration in
bovine cortical and trabecular bone. The investigators were able to demonstrate a
correlation between bone mineral density and light-scattering properties corroborating
the intuitive notion that light attenuation through cortical bone is greater than that
through cancellous bone (52). Light transmittance and reflectance has also been evalu-
ated between wavelengths of 630 and 950 nm in porcine cochlear and skull bone
(51,55). Firbank et al. evaluated diffuse reflectance and transmittance and scattering
phase function measurement in fresh adult porcine parietal skull bone samples (517).
The authors described the porcine bone as a reasonable model in that the physical and
chemical composition of bone in large mammals does not vary greatly (51,56). The
authors concluded nonisotropic scattering properties of their bone samples that the
authors inferred might be explained by conglomerations of hydroxy-apatite crystals,
that have a greater scattering efficiency than individual crystals (57). The scattering
coefficent of light demonstrated a linear fall with wavelength over the range investi-
gated (650-950 nm), with no difference if samples were cut either parallel or perpen-
dicular to the skull surface (57). The features of the absorption spectra analysis
demonstrated the water peak above 900 nm and a rise below 700 nm together with a
small ripple at 750 nm, which was believed attributable to residual deoxygenated
hemoglobin (57). The authors estimated that water accounted for approx 90% of the
absorption and hemoglobin accounted for 3—-6% (51). The effects of other potentially
significant variables on light attentuation and transmittance in bone (e.g., fluid flow)
require further in vivo study. The ability of laser light as a therapeutic strategy directed
toward cochlear dysfunction has been demonstrated in cadaveric and clinical studies
(53,54). The ability of optical imaging to infer bony architecture and properties is
another area that has contributed to our understanding on the optical properties of bone
(57,58).
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4. LOCAL MINIMALLY INVASIVE
SURGICAL TECHNIQUES TO ACCESS BONE

Minimally invasive surgical strategies have been at the forefront of current research
and clinical use in the treatment of a variety of medical conditions. Specifically related
to orthopaedic surgery, such strategies have allowed access to treat bone conditions
through minimally invasive routes with lessened surgical morbidity. The use of endo-
scopic guided spinal surgery in the treatment of adult deformity and degenerative con-
ditions of the spine has been described (59-65). More recently, minimally invasive
approaches for routine surgical lumbar decompression and instrumentation have been
reported (62,64,65).

Vertebroplasty, used clinically for the treatment of painful osteoporotic spinal com-
pression fractures and spinal metastases, is gaining increasing acceptance and use (/4—
17). This minimally invasive local technique employs percutaneous fluoroscopic
placement of a spinal needle or trochar in the vertebral body to allow direct injection of
PMMA (i.e., bone cement) to mechanically stabilize the vertebra. This technique can
afford significant pain relief in patients with pathologic and osteoporotic vertebral frac-
tures (66—-68). Vertebroplasty has become an important adjunctin the treatment of painful
vertebral metastases, and, more recently, a similar technique has been used in our and
other centers to treat periacetabular bony metastases (i.e., cementoplasty) (69-71).

By adapting such minimally invasive strategies to allow placement of optical fibers
adjacent to osteolytic lesions, the feasibility and potential of photodynamic therapy to
treat bone metastases is currently being investigated in the preclinical setting. Such an
approach to adapt minimally invasive surgical techniques to access bone has also been
demonstrated with other local adjuvants such as laser or radio-ablation (63,72).

5. PRECLINICAL MODELS OF BONE METASTASES

There are a variety of strategies to study bone metastases in preclinical models. Several
models of both osteolytic and osteoblastic metastasis have been reported (73-81). Tumor
cells can be injected locally adjacent to a bone surface, into the bone marrow, or onto the
periosteal surface. Local injection methods, however, might not as accurately reflect the
metastastic process and distortion to local tissue by the technique might confound inter-
pretation of results. As such, systemic or orthotopic inoculation of tumor cells has been
the more widely applied approach. A systemic approach by intracardiac injection of
cancer cells has been described in both mouse and rat models (73—80). Metastatic spread
preferentially to bone is, in part, dependent on the particular cell line and animal species
chosen. Engebraaten and Fodstad used two estrogen and progesterone receptor-negative
human breast cancer cell lines (MA-11, MT-1) in nude rats with evaluation of site-
specific growth and metastasis (82). The authors demonstrated the MT-1 cell line to more
predictably produce bone/bone marrow metastases when compared to selective neural
tissue metastases observed using MA-11 cells. Our experiments using MDA-MB-231,
MT-1, and other cell lines in rodent species have corroborated this previous work, dem-
onstrating the MT-1 cell line, when inoculated into nude rats, to more predictably produce
bony metastatic lesions (8§2—84). The MDA-MB-435 human breast carcinoma cell line
has also been recently reported to be more site specific to bone when inoculated intrac-
ardially into mice (75). In our studies, we have used the human breast cancer cell line
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MT-1 inoculated intracardially into 4- to 6-wk-old athymic rnu/rnu rats. The rat species
was also chosen over mouse models of bone metastases because of animal size and the
technical aspects behind the surgery that were anticipated to be required for laser light
application to targeted bone lesions.

In our model, human breast cancer MT-1 cells are grown in RPMI media to 70-80%
subconfluency, at which time they are refed with media 24 h prior to inoculation into rnu/
rnu rats. Cell viability is determined by trypan blue exclusion, and cell suspensions with
greater than 95% viability without cell clumping are used. An intracardiac injection of
0.2 mL free RPMI media with 2 x 10° MT-1 cells is then performed into the left heart
ventricle of anesthetized 4- to 6-wk-old rnu/rnu female rats using techniques similar to
that described by several investigators (82,85,86). The spontaneous, pulsatile entrance of
bright red oxygenated blood into the syringe determines appropriate positioning in the
left ventricle of the heart. There is a learning curve with the intracardiac technique, and
even with trained individuals, the success rate of a rat subsequently developing metas-
tasis is approx 70 to 80%.

5.1. Quantification of Bone Metastatic Burden

There are a variety of strategies to quantify bone metastatic burden in the aforemen-
tioned preclinical models. Although fine-detail radiography can detect osteolytic lesions
in certain models 3—4 wk after tumor cell inoculation, there is a balance between the
identification of tumor lesions that can be targeted for local therapies so that treatment
can be initiated and evaluation of treatment effects quantified prior to acceptable tumor
end points for animal care (78,80,81). Conventional radiographic imaging (fine-detail
radiography, fluoroscopy, and micro-CT scanning) is limited in only identifying the
extent of osteolytic involvement and has the limitation of not visualizing the viable tumor
cell population. In vivo real-time imaging of viable metastatic tumor cells has recently
been made possible, adapting strategies of gene transfection for fluorescence (75,87). In
the study by Harms et al., human breast carcinoma cell line MDA-MB-435 was trans-
fected to constitutively express enhanced green fluorescent protein (GFP) (75). In a
mouse intracardiac inoculation bone metastases model using luciferase-transfected cells,
Wetterwald et al. described the sensitivity of bioluminescent reporter imaging in detect-
ing intramedullary tumor growth preceding the appearance of radiographic osteolysis by
approx 2 wk (87). As such, bioluminescent imaging enables continuous monitoring in
the same animal of growth kinetics for each metastatic site and can provide end-point
analysis of photodynamic treatment to osteolytic lesions affected by metastatic growth
(Fig. 1). The technique, therefore, also facilitates the earlier identification of bone metas-
tases that can be targeted for local therapies.

6. PHOTODYNAMIC THERAPY AND BONE METASTASES

Photosensitizer drugs have been previously shown to elicit efficacy in PDT through
different mechanisms (80,82,88,89). There are several photosensitizer drugs now avail-
able with minimal systemic side effects. 5S-aminolevulinic acid (5-ALA) is a pro-drug that
leads to endogenous synthesis of the photosensitizer protoporphyrin IX, PpIX. The drug
possesses predominantly cellular effects on tumor activity and has the potential for high
tumor-to-neural tissue selectivity (88,90,91). Benzoporphyrin-derivative monoacid ring
A (BPD-MA, Verteporfin®, QLT Inc., British Columbia) is a drug that can be used to
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Fig. 1. Bioluminescent-targeted PDT of a femoral metastasis. The image on the left demonstrates
pretreatment signal intensity of femoral lesion targeted for therapy. The image on the right dem-
onstrated the same animal imaged 48 h post-PDT.

target either the neo-vasculature that provides the essential nutrients to the cells or the
cells directly depending on the drug-light interval (38,92-95). A short drug-light inter-
val favors vascular targets as the photosensitizers are still circulating within the vascu-
lature, however, with longer intervals the photosensitizer has time to extravasate and
accumulate into the tumor cells (38,94). Its absorption spectrum is stimulated by a longer
wavelength of light, which might be desirable to achieve a greater depth of tissue pen-
etration. The drug has been used clinically for ocular macular degeneration, demonstrat-
ing minimal systemic side effects (96—102). The drug of choice for potential clinical
utility in bone metastases will depend, in part, on the intrinsic sensitivity of the primary
malignancy responsible for the metastasis and will likely vary on tumor type. The advan-
tages of the rodent model of human breast carcinoma is the ability to evaluate the effect
of PDT on human cells. Clinical experience of PDT in such primary cancers coupled with
ongoing preclinical study using human cancer cell lines will assist in addressing the
sensitivity of the therapy in influencing tumor growth kinetics. In directing treatment in
bone, a drug that is stimulated by a longer wavelength of light might assist in achieving
a greater depth of penetration of light dependent on the bone mineral density and particu-
lar bone that requires treatment. This would be important in bone, where significant
attenuation of light might occur. Finally, drug pharmacokinetics will be important when
defining the appropriate drug-light interval for treatment as this will impact the practi-
cality of time required for the treatment to be administered.

There has been recent interest in the evaluation of PDT in the treatment of intraosseous
tumors and bone metastases. Koudinova et al. recently evaluted the use of Pd—Bacterio-
pheophorbide (TOOKAD) in the in vivo treatment of human prostatic small cell carcinoma
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xenografts (50). TOOKAD is a novel bacteriochlorophyll-derived second-generation pho-
tosensitizer. The strong light absorbance in the near infrared region (A = 763nm) facilitates
deep tissue pentration. In this recent study, male CD-I nude mice were grafted with human
SCCP (WISH-PC2) in three anatomic locations; subcutaneous (to represent tumor mass),
intraosseous (direct injection representing bone metastases), and orthotopically within the
prostate microenvironment (50). PDT consisted of intravenous administration of 4 mg/kg
TOOKAD followed by immediate illumination (650-800 nm) from a xenon light source
or diode laser emitting at 770 nm. Tumor volume, human plasma chromogranin A levels,
animal well-being, and survival were used as end points. Histopathology and immunohis-
tochemistry were also used to define the tumor response. Subcutaneous tumors demon-
strated complete healing within 28—40 d, reaching an overall long-term cure rate at 90 d
following treatment of 69%. Intratibial lesions responded with a 50% rate of tumor elimi-
nation in treated mice at 70-90 d after therapy, as confirmed histologically. The feasibility
of the therapy to treat structural bone lesions was demonstrated in their transcutaneous PDT
approach to tibial lesions of WISH-PC2 enabled by the near-infrared absorption of the
TOOKAD (50).

In summary, PDT poses an interesting adjunct to locally treat bone metastases. Adapt-
ing current clinically utilized minimally invasive surgical techniques to place optical
fibers adjacent to or within target bone lesions facilitates local treatment by PDT. Pre-
clinical study using a human breast carcinoma cell line has confirmed the feasibility and
efficacy of a single percutaneous treatment of PDT to elicit a significant reduction in
tumor growth kinetics of bone metastasis as documented by bioluminescent reporter
imaging (Fig. 1). The potential clinical utility of this approach as an adjunct to current
local strategies in bone metastases is significant. There are no known contraindications
to the use of photodynamic therapy preradiation or postradiation therapy or surgery.
Unlike radiation therapy, where there are limits to the amount of spinal irradiation that
can be administered and wound complications following subsequent conventional spinal
surgery are significant, there are no limits to the extent of PDT that can be applied
assuming that a safe and efficacious therapeutic window can be defined. PDT can also
potentially be applied to radioresistant tumors. In considering vertebroplasty, the poten-
tial biologic benefits of PDT on tumor growth kinetics might be considered a neo-adju-
vant potentially coupled during the same surgical setting by injection of PMMA to
mechanically stabilize metastatically involved vertebrae. The selectivity of PDT in being
able to locally target cancer cells is appealing in the spine, where conservation of healthy
neural tissue (i.e., spinal cord) is critical. Ongoing preclinical study is required to closely
define the therapeutic window for PDT to treat bone metastases. The potential need for
fractionated treatments requires further study although the ability to percutaneously
implant an optical fiber, which can be left in situ, would be a practical solution similar
to the brachytherapy approach. Such a transdisciplinary approach encompassing tumor
biology and minimally invasive surgical techniques may provide an important future
adjunct to patient palliation.
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1. INTRODUCTION

Although strides have been made in the diagnosis and treatment of cancer in the past
few decades, advanced, metastatic cancer remains extremely difficult to treat. Obviously,
amajor hurdle in improving survival is the treatment or prevention of metastatic disease,
either to eliminate it completely or to contain it like other chronic diseases. To reach the
metastatic stage, the cancer cells undergo many and various changes in the usual regu-
latory mechanisms governing cellular proliferation and apoptosis, resulting in great
heterogeneity. Therein lies the challenge in developing appropriate and effective com-
bination therapies for metastatic disease that utilize multiple mechanisms to overcome
resistance to cell death. In this chapter, the relatively new cytotoxic taxane docetaxel will
be discussed in the context of its current role in treating metastatic cancer and its future
role in combination with novel, molecularly targeted chemotherapeutic agents.
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Fig. 1. Chemical structure of docetaxel.

Docetaxel (Taxotere®) is a semisynthetic taxoid compound derived from the needles
of the European yew tree. It is similar to paclitaxel in its chemical structure (Fig. 1) and
has a broad spectrum of antitumor activity. It has become an important drug used in a
variety of combinations in the treatment of breast, prostate, small cell lung cancer, uro-
logic cancers, solid tumors in children, and other tumor types. This chapter will focus on
the use of docetaxel in metastatic cancers, with a special focus on advanced, hormone-
refractory, and metastatic prostate cancer, including the use of docetaxel in combination
with novel therapeutics.

Finally, a special section on targeting therapeutics to bony metastases explores differ-
ent approaches to drug delivery to bone and to specifically targeted molecular therapy.
From our perspective, targeted drug delivery encompasses concepts related to three
distinct targeting approaches: (1) targeting molecular defects, which lead to the survival
and progression of cancer cells that have already metastasized to the bone; (2) targeting
normal bone elements and processes, which includes bone formation and resorption
homeostasis, to improve delivery of drugs to bone, and (3) targeting to tumor-mediated
changes in bone structure. These three approaches will be discussed in detail at the end
of this chapter.

Prostate cancer is a particularly important target for therapies directed at advanced
disease metastatic to bone. Prostate cancer progresses to an androgen-independent stage
(hormone refractory prostate cancer [HRPC]), which responds poorly to current treat-
ment and readily metastasizes to regional lymph nodes and to bone. Therapy is aimed at
palliation to reduce bone pain and improve quality of life, which, until recently, did not
include aggressive chemotherapy (/). Once the hormone-refractory stage is reached,
mean survival is approx 12—18 mo without chemotherapy, and few trials have yet dem-
onstrated improved survival for HRPC with combination chemotherapy, although one
such trials has recently been completed, such as with mitoxantrone/prednisone (Tax 327
[prednisone + docetaxel or mitoxantrone]) (2) or docetaxel/estramustine. These latter
two trials are reporting survival advantages with the docetaxel based regimens and were
presented at ASCO 2004 (3,4). Breast cancer metastasizes to lymph nodes, lung, liver,
brain and also to bone, and patients have a mean survival of approx 22 mo with first-line
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anthracycline or taxoid-based chemotherapy. When the patient relapses after anthra-
cycline therapy, second-line agents such as vinca alkaloids can be used, and the mean
survival is reduced to 12—15 mo. Non-small-cell lung cancer (NSCLC) and ovarian
cancer have similar tendencies to be diagnosed at an advanced stage. NSCLC responds
poorly to treatment with chemotherapy. Advanced ovarian cancer can respond well to
first-line chemotherapy with platinum/taxane combinations, however, recurrent disease
might be resistant to cisplatin or to paclitaxel. In that case, docetaxel has demonstrated
antitumor activity as a second-line agent in both cisplatin-resistant and paclitaxel-resis-
tant ovarian cancers, resulting in encouraging response rates in phase II trials.

The progression of prostate cancer from androgen responsive to hormone refractory
is a highly negative prognostic factor. Androgen-independent prostate cancer is poorly
responsive to treatment and uniformly fatal. Intense study has been focused on the
factors that regulate the progression from hormone dependence to hormone indepen-
dence, resulting in the identification of key biochemical pathways controlling prolifera-
tion, survival, and metastasis of prostate cancer. Work in this area has led to the
exploration of novel therapies for androgen-independent and metastatic prostate cancer.
Application of antisense molecules targeting Bcl-2 and clusterin will be discussed here
asexciting examples of novel agents that should enhance the therapeutic effects achieved
with currently used chemotherapy, such as docetaxel.

2. PHARMACOLOGY OF DOCETAXEL

Because of its broad spectrum of activity in anumber of cancers, docetaxel has become
one of the most widely used cytotoxic agents. In the most simplistic terms, this drug
causes mitotic arrest and, subsequently, apoptosis because docetaxel binds microtubulin.
Binding inhibits depolymerization of the microtubules. However, like all broad-spec-
trum anticancer drugs, the value associated with its use in treatment of epithelial cancers
is not a consequence of a single defined action. The mechanism of action of docetaxel is
multifactorial and involves a number of direct and indirect effects that combine to pro-
duce meaningful therapeutic responses. The broad-spectrum activity of docetaxel has
beenreviewedrecently (5); therefore, this chapter highlights activities that are of particu-
lar interest when considering docetaxel use in combinations with molecularly targeted
therapeutics for treatment of advanced metastatic disease. These include interactions that
enhance apoptosis, inhibit angiogenesis, and stimulate the immune system.

2.1. Microtubular Stabilizer

Docetaxel binds to B-tubulin and stabilizes polymerized microtubules, thereby induc-
ing cell cycle arrest at the G2/M-phase. By binding to free tubulin, as does paclitaxel,
docetaxel promotes the formation of abnormal microtubules and prevents microtubule
depolymerization. Mitotic and interphase functions are therefore disrupted and cellular
apoptosis or cell lysis is induced (6). Docetaxel is more efficacious than paclitaxel for
many tumor types, which is thought to be the result, at least in part, of its greater affinity
for microtubules, higher drug levels within the tumor cells, and slower rate of drug efflux
than paclitaxel (7).

2.2. Apoptosis Induction

Docetaxel anticancer activity appears to be associated with the phosphorylation and
inactivation of Bcl-2 protein. Bcl-2 is a proto-oncogene belonging to a growing family



258 Part II / Therapeutic Strategies

of regulatory proteins that can promote cell survival (Bcl-2, Bel-XL, Bel-w, Mcl-1,
A1/Bfl-1) or cause cell death (Bak, Bad, Bid, Bik, Hrk, Bok, Bax) (8§-/3). Most Bcl-
2 family members associate with intracellular membranes such as the endoplasmic
reticulum and the mitochondrial membrane. Despite structural similarities between
Bcl-2 and other pro-apoptotic family members that determine their ability to interact
with each other and ultimately decide the life or death of a cell, the mechanism by which
Bcl-2 promotes cell survival is controversial (/4). It is presently thought that
homodimerization or heterodimerization of Bcl-2 with pro-apoptotic family members
and the relative proportions of these pro- or anti-apoptotic proteins leads to the initia-
tion or inhibition of cell death or cell survival pathways (/7). The pro-apoptotic protein
Bax appears to undergo a conformational change, which results in its translocation
from the cytosol to the mitochondria (/5-18), where it forms pores releasing cyto-
chrome-c (19-21). Cytochrome-c release, in turn, leads to caspase activation and cell
death (22). Bcl-2 can interact with Bax, which can result in an antiapoptotic mechanism
depending on the relative amounts of Bax and Bcl-2 (23). However, Bcl-2 binding to
Bax might not be all that is required for inhibition of a Bax-mediated apoptotic path-
way. Bcl-2 might disrupt Bax/Bax homodimerization or abrogate Bax function, or Bax
might disrupt the activity of a death-repressor-type Bcl-2 protein (23). Hou et al.
showed that transient Bcl-2 expression in vitro led to cell death independent of Bax
(24). Regardless of the mechanisms involved, a major role of Bcl-2 is antagonizing pro-
apoptotic proteins such as Bax (25).

Docetaxel promotes phosphorylation of serine 70 of the Bcl-2 protein, resulting in
dissociation of the antiapoptotic Bax/Bcl-2 heterodimer and a pro-apoptotic signal
transduction environment (Fig. 2). Highlighting the importance of this activity,
Shitashige et al. demonstrated that human breast cancers sensitive to docetaxel pos-
sessed higher levels of pS70-BCL-2 expression than docetaxel-insensitive tumors (26).
Downstream effects associated with docetaxel mediated phosphorylation of BCL-2
include activation of jun N-terminal kinase (JNK) pathway and poly(ADP-ribose)
polymerase-1 (PARP) (27).

However, studies assessing docetaxel-induced lymphoma cell death have suggested
that the drug caused cell lysis, rather than the typical features of programmed cell death
(28). This obviously indicates that docetaxel has more than one mechanism of action
and might have differential effects, depending on the tumor cell type. These multiple
actions contribute to the efficacy of combination therapies, which include docetaxel
because this drug can promote apoptosis, and might limit the effect of tumor drug
resistance attributed to overexpression of Bcl-2.

In an effort to capitalize on complementary mechanisms of action, docetaxel has
been tested in combination with estramustine, which binds to nuclear matrix tubule-
associated proteins and thereby stabilizes the microtubules (29,30). This prevents
cellular mitosis in prostate cancer cells, leading to cell death (37). Cell death by non-
Bcl-2-related mechanisms has also been demonstrated in the prostate cancer cell line
DU-145, which has low levels of Bcl-2 expression but, nevertheless, is highly suscep-
tible to docetaxel (32). Recent studies have also indicated a possible role for
diacylglycerol and phosphatidic acid signaling pathways, which, through cell signal-
ing cascades, activate Raf-1 (and thereby MAP kinase pathway) and necrosis factor
(NF)-xB (33). The variety of effects of docetaxel might indicate its utility in a diverse
range of combination therapies rationally designed to treat cancer.
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2.3. Antiangiogenic Effects

Docetaxel has been shown to have antiangiogenic properties in many different cancer
cell types (34), including breast (35), T-cell leukemia (36), and colon cancer (37). What
is potentially mostinteresting is that, it appears that the antiangiogenic effects of docetaxel
occur at noncytotoxic concentrations of the drug. In this context, it might be important
to consider strategies put forward by Kerbel and colleagues, who suggest that metro-
nomic low-dose chemotherapy regimens might be particularly promising for inhibiting
angiogenesis (38,39).

It is worth noting here that preclinical and clinical studies are evaluating the use of
docetaxel in combination with angiogenesis inhibitors. In vivo, docetaxel showed an
antiangiogenic effect in xenograft metastatic transitional cell in combination with the
experimental antiangiogenic compound TNP-470, an analog of fumagillin (40). Its role
in antiangiogenesis in combination with other cytotoxic agents (or with Herceptin® in
the case of breast cancer /41 ]) or antiangiogenic entities such as the vascular endothelial
growth factor (VEGF) antagonists ZD6474 (Astra-Zeneca) or VEGF-Trap (Aventis),
both in clinical trials, remains to be determined. Early studies have also been initiated
using docetaxel in combination with bevacizumab (Avastin®, Genentech), a humanized
monoclonal antibody targeting VEGF (42). This combination might prove to be particu-
larly interesting in the context of metastatic prostate cancer because it has recently been
shown that VEGF released from prostate cancer cells might promote bone remodeling—
in particular, osteosclerosis (43).
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2.4. Immunostimulatory Effects of Docetaxel

Immunomodulatory effects, such as the induction of cyclooxygenase (COX)-2, have
been demonstrated in cell lines exposed to docetaxel (44) and might contribute
nonspecifically to docetaxel’s antitumor effects. In a study of 30 advanced breast can-
cer patients who received either paclitaxel or docetaxel, multiple changes in immune
effector molecules were noted. Docetaxel raised serum levels of MLR, natural killer
(NK), and lymphokine activated killer (LAK) activity and interferon (IFN)-v,
interleukin (IL)-2, IL-6, and, granulocyte colony stimulating factor (G-CSF) more than
paclitaxel, while reducing levels of IL-1 and TNF (45). Another, smaller study of 10
patients with advanced cancers treated with paclitaxel or docetaxel also found docetaxel
to have more of an impact on the immune system, but did not demonstrate the same
changes as noted in the breast cancer study (46 ). For example, NK levels were decreased
rather than increased, and LAK activity did not change. Clearly, the effects of taxanes
on the immune system and the consequences for tumor progression are not clearly
understood at this time but warrant further investigation (reviewed by Chan [47]),
particularly given the important role of cytokines in the establishment and progression
of cancer in the bone.

It should be noted that immune stimulation is also an important factor in docetaxel’s
toxicity profile, which includes hypersensitivity reactions and fluid retention/general-
ized edema. Hypersensitivity has been related to the solvent (polysorbate 80) used to
solubilize docetaxel rather then the drug itself and patients are typically premedicated
with corticosteroids to reduce these effects.

2.5. Pharmacokinetics of Docetaxel

Docetaxel is administered by short intravenous (iv) infusion. Very little is absorbed
following oral administration. Following a dose of 100 mg/m? iv over 1 h, docetaxel
has linear pharmacokinetics which fit a three-compartment pharmacokinetic model.
The terminal half-life is approx 11 h (Table 1) (48,49). The drug is highly protein bound
(>94%), primarily to a-1 acid glycoprotein (AAG). Elevated levels of AAG are asso-
ciated with a reduced risk of docetaxel toxicity, such as neutropenia. Elimination is
primarily via hepatic metabolism with biliary excretion. Only 5% is excreted unchanged
in the urine, whereas 75% is excreted in the feces (49). There are at least four metabo-
lites arising from cytochrome P450 activity. Cytochrome 3A4 is a primary metaboliz-
ing enzyme for docetaxel. The major metabolic product (cyclized oxazolidinedione) is
not an active cytotoxic agent. Hepatic impairment leads to reduced drug clearance, with
plasma levels elevated by approx 27% when AST and ALT are =1.5-fold elevated or
when alkaline phosphatase is =2.5-fold elevated. Hepatic impairment increases the
risk of toxicity, such as neutropenia (50), and dose reduction by 25% is recommended
by the manufacturer in the case of hepatic impairment. Pharmacogenomic differences
in CYP3A4 likely contribute to the wide interpatient variability in plasma drug and
metabolite levels (57). Biodistribution studies in rats indicate that the drug is distrib-
uted in most tissues, but little, if any, crosses the blood—brain barrier (52). The favor-
able pharmacokinetics of the drug as well as its intracellular pharmacodynamics makes
docetaxel less schedule dependent in combination chemotherapy than paclitaxel. It is
typically given once every 3 wk.
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Table 1
Pharmacokinetic Parameters for Docetaxel
Following a I-hinfusion Summary data from phase 1
of 100 mg/m* (48) and phase 11 trials (48)
(Mean £ SD) (Mean = SD)

Half-Life

t'/, o (min) 5.0+£2.1 4

t'/, B (min) 51+6.2 36

t'/,y (h) 10.8 £ 14.1 11.1
C . (mg/L) 2.6+0.5 3.7
AUC 0— (h-mg/L) 3.1+£09 4.6
CI (L/h-m?) 348+9.3 21
Vd_ (L/m?) 84 + 86.1 67.3

2.6. Docetaxel Toxicities

The maximum tolerated dose of docetaxel is 80—115 mg/m?, as determined in phase
I trials, with grade 3 or 4 neutropenia as the main dose-limiting toxicity (49). At least 70
to 80% of patients receiving the typical dose of 75-100 mg/m? every 3 wk experience
grade 3 neutropenia (but not necessarily with a febrile episode). The manufacturer cites
the neutropenia rate as 96% and severe neutropenia as 32% with anadir at 8 d, and amean
duration of 7 d for severe neutropenia (54). Additional adverse reactions associated with
docetaxel include hematologic abnormalities (neutropenia, leukopenia, and thrombocy-
topenia) increased infections, fever, neurosensory problems, cutaneous eruptions, gas-
trointestinal toxicity and stomatitis, alopecia (as high as 97% incidence), asthenia (could
be dose limiting in some cases), myalgia, and arthralgia (53).

The hematologic toxicity of docetaxel is schedule dependent: In a phase Il trial of 18
metastatic breast cancer patients receiving weekly docetaxel (36—40 mg/m?) for second-
line monotherapy after anthracycline failure, the incidence of neutropenia was 17%, and
this was the only severe hematological toxicity. Asthenia, nail changes, and ocular and
skin disorders (rash) were also noted but were not dose limiting (53). Fatigue was dose
limiting in the phase I trials of weekly docetaxel. A similarly designed phase II trial had
2/18 patients (11%) experiencing neutropenia after 40 mg/m? weekly docetaxel (55).

Clinical trials are ongoing to determine the role of G-CSF in treatment regimens
containing docetaxel, in order to minimize this dose-limiting toxicity and permit dose
escalation (56). The use of lower-dose docetaxel administered weekly compared to higher
dose docetaxel administered every 3 wk is presently in clinical trials to determine not only
relative efficacy but also the incidence and severity of neutropenia. Generally, the lower
dose given weekly is tolerated better by patients; however, this must be balanced by the
potential for a reduction in response.

Docetaxel is less neurotoxic than paclitaxel, but it still causes significant peripheral
neuropathy, particularly sensory (both paresthesias and dysthesias) (57). This effect is
not ameliorated by the administration of corticosteriods and is dependent on cumulative
dose and dose level (58). The degeneration of peripheral nerves might also be involved
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in the nail changes observed in some patients treated with taxanes (59). The precise
mechanism for docetaxel-induced neuropathy is not established, but it is important to
recognize that neuropathy is an important side effect associated with a number of anti-
cancer drugs, including cisplatin, vincristine, and suramin. This toxicity could, therefore,
limit how docetaxel is used in combinations and it has been demonstrated that synergistic
combinations of cisplatin/paclitaxel can cause greater neurotoxicity.

Hypersensitivity reactions, characterized by flushing and bronchospasm, are thought
to be the result of mast cell degranulation and histamine release. As indicated earlier, this
effect is thought to be the result of the solubilizing excipient polysorbate 80 (Tween-80).
Presently, this adverse reaction is avoided by premedicating the patient with corticoster-
oids and by starting the infusion slowly, gradually increasing the rate. A typical premedi-
cation course is 5-8 mg dexamethasone twice daily starting at least 1 d before treatment
and continuing for 3-5 d. Our institutional protocols require that three doses of corticos-
teroid be given prior to starting docetaxel. Some centers use prednisolone and the anti-
histamine clemastine as the premedication. If a hypersensitivity reaction does occur, the
docetaxel infusion can be stopped for 30 min and then resumed. Presumably, once the
mast cell degranulation process is completed, the patient can then tolerate the drug with
no further hypersensitivity response. Another significant and very common effect of
docetaxel administration is edema, with significant weight gain. This side effect, which
could be related to the solvent, could take 6-9 mo to fully resolve. A reduction in the
incidence and severity of edema was noted upon introduction of standard premedication
with corticosteroids, as mentioned earlier.

3. OVERVIEW OF DOCETAXEL USE IN TREATMENT
OF CANCERS OTHER THAN PROSTATE

The intention of this chapter is to focus on emerging drug combinations that include
docetaxel for treatment of advanced prostate cancer. It is understood that prostate cancer
is unusual in that the vast majority of prostate cancer metastases may involve the bone,
and targeted drug combinations against prostate cancer that has metastasized to the bone
might have to be tailored to the disease. However, itis important to consider the successes
and failures of chemotherapy regimes using docetaxel to manage other highly metastatic
cancers that also involve bony metastases, albeit less frequently.

3.1. Metastatic Breast Cancer

Taxanes have been used in adjuvant chemotherapy for early-stage breast cancer (60)
as well as locally advanced breast cancer after failure with prior chemotherapy (reviewed
by Hutcheon [61]). They are used for adjuvant therapy and for advanced disease (local
or metastatic). The overall response rate of metastatic breast cancer to docetaxel treat-
ment as a first-line therapy is 59% (range: 52 to 68 %, pooled from 5 early trials for a total
of 180 patients) (62). Larger phase III clinical studies have assessed metastatic breast
cancer treated with anthracycline—taxane combinations, selected because of the lack of
overlap in their mechanism of action and their individual toxicity profiles (63) (Table 2)
(64-70). The addition of docetaxel to anthracycline-based adjuvant chemotherapy (doxo-
rubicin or epirubicine) produces a greater response rate, although longer study times
might be required to determine whether long-term survival is improved consistently.
There might be an advantage over paclitaxel-containing adjuvant therapy in that docetaxel
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seems to be less dependent on the schedule and sequencing in relation to the anthracycline
treatment and might be better tolerated (71 ). However, this combination does raise some
questions about cardiotoxicity that have not been fully investigated (72). Combination
therapy with gemcitabine and docetaxel has also been explored in breast cancer patients
who have failed anthracycline therapy, where response rates have ranged from 36 to 54%,
with median times to disease progression of 7-8 mo and median survival of 12.7-14 mo
in phase II trials (73). Another promising combination for metastatic breast cancer in
clinical trials is capecitibine combined with docetaxel.

3.2. Non-Small-Cell Lung Cancer

Adenocarcinoma, squamous cell carcinoma, large cell carcinoma, and bronchoalveolar
carcinoma (BAC) comprise the group of epithelial malignancies known as non-small-
cell lung cancer (NSCLC). More than 80% are smoking related. Close to 80% of NSCLC
patients have advanced or metastatic disease at the time of diagnosis and have a poor
prognosis. In the setting of metastatic disease, the median survival with best supportive
care (BSC) is 4-5 mo, with less than 10% alive at 1 yr. Changing the natural history of
metastatic NSCLC has proved challenging. However, the introduction in the last decade
and a half of platinum-based chemotherapy protocols that include the newer cytotoxic
agents, paclitaxel, vinorelbine, gemcitabine, and docetaxel has consistently shown clini-
cal benefit in terms of increased survival and improved quality of life for patients with
good performance status (ECOG 0-1) (74,75). Docetaxel has found an important role in
this paradigm in the following settings: (1) first-line treatment in combination with
cisplatin; (2) first-line treatment as a single agent; (3) second-line setting when used
alone. Its use in combination with newer molecular targeted therapy is currently being
explored (Table 3).

The standard pattern of practice for treating newly diagnosed patients with meta-
static NSCLC is platinum-based doublet chemotherapy (76). Docetaxel, paclitaxel,
gemcitabine, vinorelbine, and vindesine are commonly used as the second agent in
such protocols. Direct comparison of several such doublet combinations (cisplatin and
paclitaxel, as the standard, compared to cisplatin and gemcitabine, cisplatin and
docetaxel, or carboplatin and paclitaxel) in a large, randomized trial of over 1200
chemotherapy-naive patients (ECOG 1594) showed a disappointingly similar response
rate and median overall survival in each of the four arms (77). The lack of major
differences in outcome between arms has meant that selection of a specific doublet
pairing for newly diagnosed patients of adequate performance status is influenced by
toxicity profile, patient comorbidities, and cost (78). There is little doubt that chemo-
therapy in this setting has two major clinical benefits compared to best supportive care;
prolongation of survival and improvement in quality of life (79,80).

The use of docetaxel-based doublet chemotherapy is associated with a response rate
of approx 25-35% and a median overall survival of 8—11 mo (87,82). The toxicity profile
of the cisplatin—docetaxel combination includes hematological toxicity, edema, skin and
nail changes, and hypersensitivity reactions in addition to the platinum-associated neu-
rotoxicity and nephrotoxicity. Phase I studies of docetaxel in combination with cisplatin
established that 75 mg/m? of each agent could be administered with reasonable safety and
appeared to be active in metastatic NSCLC, a regimen that was validated in phase 111
trials (82).
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As with other chemotherapy protocols, performance status appears to be a particu-
larly important determinant of outcome for docetaxel-based chemotherapy in patients
with NSCLC (83). Consequently, frail elderly patients and those with poor performance
status might not obtain significant benefit from platinum-based doublet chemotherapy.
Interest has been renewed in finding tolerable and beneficial treatments specifically for
this group of patients. Recent trials have shown docetaxel to be effective as a single
agent at several doses: 100 mg/m? every 3 wk, 75 mg/m? every 3 wk, and weekly at 35
mg/m? (84). Administering docetaxel weekly at the 35-mg/m? dose improves the toxic-
ity profile significantly minimizing myelosuppression and reducing nonhematologic
side effects. At this dose, response rates of up to 20% have been described, making this
regimen an option for the frailer or more elderly patient (85).

The use of docetaxel in combination with agents other than cisplatin is also the subject
of investigation. A phase II trial of docetaxel and gemcitabine was explored as first-line
therapy for NSCLC patients. Patients were randomized to one of the two drugs, followed
by the other after tumor progression. Patients who received gemcitabine followed by
docetaxel fared best, with a median survival of 8 mo and 1-yr survival of 31% (79). The
reason for this schedule dependency has not yet been determined. Docetaxel has also been
used in combination with irinotecan (86) and with vinorelbine (87) in small phase I
studies with promising results. Further work will undoubtedly explore several other
possible combinations as new antineoplastic drugs are introduced.

Another recent development is the use of second-line chemotherapy in advanced
NSCLC (e.g., in patients refractory to cisplatin). After promising phase II data, a pivotal
study by Shepherd demonstrated the utility of single agent docetaxel in this second line
setting. A dose of 75 mg/m? docetaxel every 21 d in 105 patients previously treated with
cisplatin yielded a median survival of 7.5 mo, compared to 4.6 mo, for best supportive care
(88). Patients in the 75-mg/m?* arm had fewer episodes of febrile neutropenia (8 vs 22%) and
a significantly lower risk of weight loss of greater than 10% (reviewed by Lynch [89]). A
second phase III trial replicated this finding while also demonstrating that 75 mg/m? gen-
erated superior quality of life and lower toxicity than 100 mg/m? (90). On the basis of these
data, docetaxel became the first drug approved for this use in North America and Europe
(79). Some practitioners have exhibited hesitancy in choosing the cisplatin/docetaxel com-
bination as first-line treatment for advanced NSCLC knowing that docetaxel is the only
approved second-line drug. However, the recent demonstration that pemetrexed (Alimta),
an antifolate antimetabolite, is also effective as a single agent in the second-line setting
might allay such concerns (9/). A large phase III trial is ongoing to compare the activity of
pemetrexed vs docetaxel in the second-line treatment of NSCLC (92).

Although traditional cytotoxic agents remain the mainstay of treatment of NSCLC,
newer molecularly targeted therapy is slowly showing promise in this disease. Several
ongoing and recently completed trials have investigated the role of docetaxel in com-
bination with such agents. Gefitinib, an EGFR tyrosine kinase inhibitor, demonstrated
dramatic antitumor activity with little toxicity as a single agent in phase II trials in
refractory, advanced NSCLC (93). However, in phase III trials in combination with
cisplatin and another taxane paclitaxel, gefitinib provided no benefit in terms of im-
proved quality of life, increased response rate, or prolonged median survival (94). The
reason for this disappointing result remains unclear. Another potential target is Her2/
neu which is expressed in about 20% of NSCLC tumors. Experience in combining Her2/
neu-targeted therapy with traditional chemotherapy in breast cancer suggests that a
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similar approach would be useful in NSCLC. However, in a phase II trial in which
docetaxel was used after cisplatin-based therapy in combination with trastuzumab in
those tumors overexpressing HER2/neu, no clinical benefit was demonstrated (95). A
proportion of NSCLC express the antiapoptotic protein Bcl-2 (96), which is thought to
result in increased chemo-resistance and interest is growing in therapeutic approaches
aimed at downregulating Bcl-2 expression in several different cancers. The combination
of docetaxel and the Bcl-2 antisense oligonucleotide G3139 (Genasense®, Genta, Inc.)
has shown some promise in phase I trials in the setting of advanced NSCLC (97) and has
now been taken to phases II and III. Overall, combinations of docetaxel and other
traditional cytotoxic agents with targeted therapies have shown inconsistent results.
Clearly, a greater understanding of the mechanism of action is required before the dosing
and sequencing of such combinations can be optimized for advanced NSCLC.
Finally, ongoing clinical trials are investigating how best to combine docetaxel with
radiotherapy in NSCLC. Docetaxel is believed to be a radiosensitizing agent, but its role
in combination with radiation in either the palliative setting or in locally advanced disease
remains ill-defined at present (reviewed by Gandara [98]). Ongoing studies are focused on
confirming the results observed with consolidation docetaxel in locally advanced NSCLC
(SWOG 9504) and docetaxel in combination with molecularly targeted agents (99-102).

3.3. Docetaxel in Other Solid Tumors

A phase II trial of docetaxel 100 mg/m?every 3 wk was carried out in previously treated
small cell lung cancer (SCLC) patients with progressive disease. Seven of 34 patients
experienced a partial response. After 2 cycles, the response rate was 25% for the eligible
28 patients, with duration of response up to 12 mo. Toxicities were similar to other phase
II trials with docetaxel at this dose (/03). Refractory solid tumors in pediatric patients
have also been treated with docetaxel as a single agent in combination with G-CSF (104)
as a supportive measure to minimize neutropenia and allow dose escalation with or
without G-CSF (705). In the absence of G-CSF, 44 pediatric patients were treated with
docetaxel 50-150 mg/m? every 3 wk. They were able to tolerate 65 mg/m? if they were
heavily pretreated (>2 other chemotherapy regimens) or 125 mg/m? if not so heavily
pretreated. Neutropenia was dose limiting. For five patients receiving three cycles
of docetaxel, only two had peripheral edema. One partial response and one complete
response were observed. When GCSF (5 ug/kg/d) was administered with docetaxel in
the second trial (17 patients), doses up to 185 mg/m? were well tolerated. One minor
response was achieved. Dose-limiting toxicities at 235 mg/m?* were desquamating skin
rash and myalgias. Neutropenia was not dose limiting in the trial utilizing G-CSF. In both
trials, adverse reactions were similar to those in the adult population.

Docetaxel has also been used in a variety of other metastatic diseases: ovarian cancer
(reviewed by Kavanagh [106]), gastric carcinoma in combination with cisplatin (/07)
or 5-FU (108), malignant melanoma (/09) squamous cell head and neck, urothelial,
pancreatic adenocarcinoma, renal carcinoma, and cancers with an unknown primary site
(Table 4) (110-119).

4. DOCETAXEL IN HORMONE-REFRACTORY
AND METASTATIC PROSTATE CANCER

Prostate cancer is the most common cancer diagnosed and the second most common
cause of cancer death in men in North America (/20). Many patients with localized
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disease have an excellent long-term survival and high cure rates with standard approaches
(121). However, patients with high-risk, locally advanced and metastatic disease have a
poor prognosis, and although hormonal therapy in the form of medical or surgical cas-
tration can induce significant long-term remissions, development of androgen-indepen-
dent disease is inevitable. Androgen-independent (AI) disease, also termed
hormone-refractory prostate cancer (HRPC), is clinically detected by a rise in prostate-
specific antigen (PSA) and/or worsening of symptoms. The current standard of care for
HRPC is palliative in its intent and includes analgesia, radiation, and chemotherapy such
as mitoxantrone (/22,123) or docetaxel (124,125). Docetaxel was first used in advanced
prostate cancer as a single-agent treatment in phase I trials in 1994. Docetaxel has been
used in a number of combinations, and phase II trials have reported biochemical PSA
response rates in the 40% range as a single agent (/24—127) (Table 5). PSA response rates
exceeding 60% have been reported for docetaxel in combination with a number of other
agents, including estramustine (/28-133). The results of two large phase III
studies evaluating the efficacy of docetaxel in patients with metastatic HRPC were first
reported in June 2004 at the American Society of Clinical Oncology’s Annual Meeting.
Both were powered to detect a difference of docetaxel on overall survival, with one
comparing docetaxel and prednisone against mitoxantrone and prednisone and spon-
sored by Aventis, and the other a comparison of docetaxel and estramustine with
mitoxantrone and prednisone that was run through the Southwest Oncology Group
(SWOQG). In the Aventis trial, 1006 men from Europe and North America with metastatic
HRPC were randomized to three arms, receiving either standard therapy with
mitoxantrone chemotherapy, or docetaxel administered once every 3 wk, or docetaxel
administered weekly. Treatment on all three arms was generally well tolerated with a
relatively low incidence of serious side effects. The men treated with docetaxel had
improved responses to treatment in terms of PSA decreases, pain control, and enhance-
ment in quality of life. Importantly, men treated with docetaxel every 3 wk also had a
better survival overall. Median survival was 16.5 mo for patients treated with
mitoxantrone, 18.9 mo (p = 0.009) for patients treated with docetaxel every 3 wk, 17.4
mo (p =0.36) for patients treated with weekly docetaxel, and 18.3 mo for the combined
docetaxel groups (p = 0.04). The SWOG trial confirms the overall survival benefit of
docetaxel-based chemotherapy in men with HRPC. In this trial, 770 men with metastatic
HRPC were randomized to receive either standard chemotherapy with mitoxantrone or
to treatment with docetaxel in combination with estramustine. Similar to the Aventis trial,
those men treated with the docetaxel combination had an improved PSA response rate
and a better overall survival than those men treated with mitoxantrone. For men treated
with the docetaxel-estramustine combination, median duration of survival was 18 mo,
and 16 mo for those men treated with mitoxantrone. Unfortunately however, there were
some serious side effects likely associated with the estramustine, including nausea and
vomiting and thrombo-embolic complications. The results of these two landmark trials
demonstrate for the first time that overall survival for patients with metastatic HRPC can
be improved with a systemic therapy.

4.1. Preclinical Models and Treatment
of Prostate Cancer Metastatic to Bone

Advanced prostate cancer typically metastasizes to bone, resulting in significant pain
and loss of quality of life. The reasons why prostate cancer metastasizes to bone are
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Table 5
Phase II Trials With Docetaxel in Hormone-Refractory Prostate Cancer

Phase No. of patients

Treatment ( mg/mz/schedule )

Efficacy

Measurable
disease RR
(%)

Median time
to disease
progression

PSA
RR (%)

Median
survival

Ref.

Single-Agent

II

II

II

II

21; 11 prior CT;

10 no prior
CT
35; no prior CT
25; no prior CT

60; 25%
received
prior CT;

20; 85% no
prior CT

19; 47% no
prior CT

Combination

1I

II

II

35; CT naive

46; no prior CT;

metastatic

75; no prior CT

Docetaxel (75/q3w)

Docetaxel (75/q3w)

Docetaxel (36/d1,8,15,22,29,
36 q8w)

Docetaxel (36/d1,8,15,22,29,
36 q8w)

Docetaxel (25/w)

Docetaxel (70/q3w)

Docetaxel (70/d2) +
estramustine (280 mg x
3/d1-5) 3w

Docetaxel (70 d1) +
estramustine (10 mg/kg
d1-5) + hydrocortisone
(40 mg/d) q3w

Docetaxel (30/w, 3/4w)+
thalidomide (200 mg/d)

Docetaxel (30/w, 3/4w)

Docetaxel (70) +
estramustine (280 mg X
5 doses) q3w

Docetaxel (36/d2) +
calcitriol (0.5 pg/kg/d1)
for 6 w of 8 w cycle

Docetaxel (75 iv d6) +
G3139 (bcl-2 antisense
oligonucleotide)

(7 mg/kg/d) d1-8) /q3w

Docetaxel (36 mg/m? per
week, 3 wk out of 4) +
dexamethasone (0.75 mg
po BID)3/4w

Docetaxel (70/d1) +
estramustine (280 mg x
3/d1-3) q3w

Vinorelbine + docetaxel

Docetaxel (70/d1) +
estramustine (240 mg X
3/d1-5) + hydrocortisone
40 mg/d) q3w

Docetaxel (70/d1)+
estramustine (600/d1-5)
+ vinblastine (5/d1) q3w

Docetaxel (30/qlw)+
estramustine (280 mg X

2/5d)

29 (1/6)
28 (7125)
48 (2/5)

NR

NR

NR

57 (4/7)

50 (12/24)

20 (4/20)

53 (8/15)

27

60 (3/5)
52

NR

20w

5.1m

5.6m

6.8 m

18w

8m

11.4m

143d

NR
8.1

6 m

NR

38 (6/16)
46
46 (11/24)

41

61

60

66

68

51 (25/49)

37 (9/24)

45

81

48

52
68

NR

9.4 m

NR

NR

NR

20 m

13.5m

19.5m

NR
19.0 m

NR

>8m

(126)
(125)
(124)

(2)

(132)

(129)

(128)

(133)

NR, not yet reported.



274 Part II / Therapeutic Strategies

rooted in the environmental milieu of the bone and of prostate stroma. Animal models
to study the biology and treatment of bony metastases have been developed in several
centers. For example, intravenous injection of metastatic prostate cancer cells into
severe combined immune deficient (SCID) mice previously implanted with human
adult bone results in metastases specifically to the human bone (/34). There have been
some well-described orthotopic models of prostate cancer, where cells are injected into
the prostate and metastases to the bone were observed (135). Alternatively, intrafemur
injections of prostate cancer cells results in tumor growth associated with osteoblastic
and osteolytic changes that are comparable to those seen in humans (/36). Another
approach involves coinoculation of bone fibroblasts with prostate cancer LNCaP
cells to study paracrine factors facilitating osseous site-specific metastases (1/37,138).
Finally, the laboratory of Fidler and researchers at MD Anderson Cancer Center used
a selection approach to isolate prostate cancer cells that can localize in the bone follow-
ing intravenous or intracardiac injection (/39). Serial monitoring of the bony metastases
can be performed to assess the effect of various in vivo treatments.

A strong case for stroma—prostate interactions in the growth of prostate cancer cells
has been developed. Stromal factors mimic the microenvironment of bone in many
aspects, thereby establishing the predilection for prostate cancer—bone interactions (seed
and soil hypothesis) that promote the growth of bony metastases in prostate cancer in
preference to other tissues. The prostate cancer cells also cause increased growth of
fibromuscular stomal cells and increased production of extracellular matrix and growth
factors. Stromal factors from bone aid prostate cancer growth and metastasis, and the
prostate carcinoma cells begin behaving more like bone in that environment, producing
osteoblast-type proteins such as RANKL (ligand for the transcription factor NF-kB),
transcription factor Runx2, alkaline phosphatase, and bone matrix proteins such as
osteopontin, osteocalcin, osteonectin, and bone sialoprotein. Bone minerals can be formed
in prostate carcinoma cells in mineralizing media as well. A vicious cycle is set up in
which the tumor cells produce factors that encourage bone remodeling (osteoblastic
primarily, but also osteolytic reactions), which, in turn, causes the production of factors
that promote tumor cell proliferation and metastasis (Fig. 3). For example, prostate tumor
cells produce inflammatory mediators, such as IL-13, TNF-a, and transforming growth
factor-f (TGF-B). TGF-B, in turn promotes the production of parathyroid hormone (PTH)
in bone, which promotes osteolytic reactions in bone. This bone turnover produces more
TGF-f to perpetuate the cycle. The breakdown of bone generates hydrogen peroxide
(H,0,), which induces formation of vascular endothelial growth factor (VEGF). VEGF
then induces production of more H,O, from tumor and bone cells and another vicious
cycle is set up (140).

Vascular endothelial growth factor is pro-angiogenic, thereby supporting the vascu-
larization and growth of bony metastases. Prostate tumor cells also induce osteoblast
growth via the endothelin-1 pathway (ET-1) (/41), making this pathway a very attractive
target for treating metastases (/39), although this topic will not be addressed further here.
In addition, osteoblast-derived factors have been demonstrated to promote the growth of
prostate cancer cells. In media conditioned with primary bone tissue, lymph node cancer
of the prostate (LNCaP) cells proliferate more rapidly than in regular media. IL-6 is one
of the factors implicated, which has also been demonstrated to induce expression of PSA
in hormone-refractory prostate cancer cells (/42) via the androgen receptor, yet indepen-
dent of androgen itself (/43).
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Fig. 3. Interactions between prostate carcinoma and bone promote the growth of bony metas-
tasis of prostate cancer.

Treatment of bone metastases remains a challenge. Standard first-line therapy for
metastatic HRPC is androgen ablation. Current additional modalities for the treatment
of prostate bone metastases include spot radiation or strontium, hormonal therapy,
mitoxantrone with prednisone, docetaxel with estramustine, and bisphosphonates
(Table 6) (144—147). Docetaxel can be particularly suited for the treatment of the bony
metastases of prostate cancer not only via its effects on microtubules but also via its
effects on angiogenesis and immune modulators (Fig. 3). A phase III clinical trial is
completed in 740 patients with stage D1 prostate cancer to compare docetaxel/
estramustine with the standard of mitoxantrone/prednisone (/48) as discussed above.

Basic research into the mechanisms of bone tropism for prostate cancer has led to
additional ideas about novel targets for metastatic prostate cancer beyond conventional
chemotherapy and radiation. As representative examples, novel targets under consider-
ation that will be discussed here include Bcl-2, clusterin, IGFBP-2, and IGFs.

4.2. Novel Therapies for Advanced Prostate
Cancer in Combination With Docetaxel

The high activity rate of docetaxel reported in phase II trials has lead to a number of
novel combinations being evaluated clinically. Randomized studies in patients with
prostate cancer have been planned or are underway with docetaxel in combination with
an antisense to Bcl-2 (7149), high-dose calcitriol (150) (1,25-dihydroxyvitamin D; a thera-
peutically active metabolite of vitamin D), and bevacizumab (an anti-VEGF antibody)
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(42).In addition, earlier-phase clinical studies with docetaxel combinations, such as with
an antisense oligonucleotide against clusterin (OGX-011), are also ongoing. It is hoped
that readers understand that although there is a great deal of excitement about these new
treatment modalities, their value has yet to be proven in large, multicenter phase III
clinical studies.

4.3. Antisense Molecules for BCL-2

The Bcl-2 pathway is an obvious target for therapy in prostate cancer. The rationale
for development of preclinical and clinical studies combining cytotoxic agents with
inhibitors of Bcl-2 is summarized in a recent review by Gleave (/51). In brief, Bcl-2
expression, typically determined by immunohistochemistry, is low or absent in normal
prostate epithelial cells, but it is highly upregulated in prostate cancer cells in direct
relation to its grade and stage (152,153). Bcl-2 levels also increase after androgen with-
drawal (e.g., after androgen depletion in mouse xenograft models) (/54). Studies have
shown that Bcl-2 levels in human prostate cancer are closely associated with the transi-
tion from androgen-dependent to the more aggressive androgen-independent tumors,
with stage and grade of prostate tumors, and the tendency to produce metastases. Bcl-2
levels rise in prostate tumors after castration in patients (/55) and during progression to
androgen-independence in patients with advancing disease (156,157).

Increased levels of Bcl-2 have also been noted after external-beam radiation treatment
in localized prostate cancers (/58) and in untreated hormone-refractory cancers (157).
Elevated levels of this antiapoptotic protein have been associated with radiation treat-
ment failure (/58). Expression of Bcl-2 in prostate cancers has been used as a clinical
prognostic marker (/59,160).

In vitro experiments suggested that Bcl-2 played a major role in the response of
malignant cells to a variety of stresses that produce cellular damage, including chemo-
therapy. Additionally, cell lines overexpressing Bcl-2 were rendered more sensitive to
chemotherapeutic agents either with the introduction of antisense oligonucleotides
directed at the bcl-2 message into the culture or upon transfection of the cells with a
vector bearing the antisense sequence. The preclinical and clinical research exploring
the use of anti-Bcl-2 therapies was fostered by the pharmaceutical development of
stable and therapeutically effective antisense oligonucleotides targeting Bcl-2. Appro-
priately designed synthetic antisense oligonucleotides (ASOs) bind RNA molecules in
a sequence-specific manner and either directly impair interaction with factors in the
cytoplasm that are required for its translation into a protein or recruit endogenous
RNaseH to cleave the RNA backbone. An 18-mer phosphorothioated oligonucleotide,
Genasense (formerly known as G3139), directed against the first six codons of the open
reading frame of the bcl-2 gene message has been developed by Genta, Inc. The avail-
ability of the sequence made it possible to pursue a number of preclinical studies that
provided compelling evidence for the development of clinical trials. The preclinical
studies suggested that Bcl-2 inhibition alone delayed progression to androgen indepen-
dence (161) and could increase sensitivity to cytotoxic agents such as paclitaxel (162).
Phase I clinical studies assessing Bcl-2 antisense oligonucleotide therapy in combina-
tion with docetaxel (/63) or with mitoxantrone (/64) in HRPC have been reported.
Larger, randomized phase III clinical studies are currently underway to assess the
therapeutic potential for improved survival with docetaxel treatment in combination
with Genasense in prostate cancer.
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4.4. Antisense Oligonucleotides Targeting Clusterin

Clusterin, also known as TRPM-2 (testosterone-repressed prostate message 2),
apolipoprotein J, and sulfated glycoprotein (SGP)-2, is a cytoprotective inhibitor of
protein precipitation and has been implicated as a player in the early development of
prostate cancer and in resistance to hormone therapy, chemotherapy, and radiotherapy.
Levels of clusterin might have prognostic value, as it has been correlated to prostate
tumor grade (/65). Clusterin, like Bcl-2, is upregulated after androgen ablation therapy
or castration in prostate cancer and contributes to the development of a chemo- and
radiation-resistant phenotype. Thus, treatment targeted at clusterin activity has the poten-
tial to be a part of multimodality strategies aimed at treating advanced, poorly responsive
prostate cancer (166,167).

The clusterin gene is translated into several glycoprotein isoforms that differ in post-
translational modifications and in function. It has a variety of biological roles in normal
tissues, including the male reproductive tract, breast, ovary, kidney, brain, cartilage, the
eye, and the blood (1/67). Its role in natural aging has also been investigated. Some
members of the clusterin protein family are pro-apoptotic, whereas others are
antiapoptotic/antiproliferative (168, 169), based on studies assessing the level of clusterin
expression in tumors or tumor cells undergoing apoptosis or during cellular proliferation
(170,171) as well as examination of clusterin’s role in progression to HRPC (172,173).
In a study of clusterin levels in patients with advanced prostate cancer, clusterin levels
were elevated in 80% of radical prostatectomy specimens after hormone ablation therapy,
but in only 20% of prostate cancer cells in the specimens from untreated patients (/74).

In the PC-3 and LNCaP prostate cancer models, transduced cell lines overexpressing
clusterin resulted in chemoresistance (/ 74—176) and radiation resistance (/77) compared
to wild-type cells. Inhibition of clusterin with phosphorothioate oligodeoxynucleotides
targeting clusterin expression resulted in chemosensitization in vitro and in vivo to
mitoxantrone and paclitaxel in the PC-3 model, which expresses high levels of clusterin
(175). Interestingly, addition of the clusterin antisense by itself did not affect PC-3 cell
proliferation in vitro in the absence of cytotoxic agents in this study, although clusterin
mRNA was clearly downregulated. Inhibition of clusterin expression with antisense also
was shown to sensitize PC-3 and LNCaP cells approx twofold to radiation-induced
apoptosis compared to mismatch antisense controls, consistent with an anti-apoptotic
role for clusterin in these prostate cancer cells (/77). Clusterin antisense has also been
shown to sensitize renal cell carcinoma cells in vitro (/76 ) and NSCLC to paclitaxel both
in vitro and in vivo (178).

Antisense oligonucleotides to clusterin have been developed and a second-generation
phosphorothioate antisense is currently in clinical testing (OGX-011, OncoGenex) and
phase I clinical trials began in late 2002. This single-agent study has a novel design in
evaluating the biologic effect of OGX-011 in inhibiting clusterin expression in prostate
cancer when given to men with localized prostate cancer prior to radical prostatectomy.
This will allow the establishment of a phase II dose that incorporates optimal biological
effectiveness. In a second trial, which started in March 2003, OGX-011 is being evalu-
ated in combination with docetaxel in patients with cancers that potentially overexpress
clusterin (breast, prostate, renal cell, bladder, breast, ovarian, non-small-cell lung can-
cers). Phase II trials of OGX-011 in combination with chemotherapy in patients with
prostate cancer, lung cancer, and breast cancer are scheduled to start in mid-2004 to late
2004. Results of these trials are eagerly awaited.
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4.5. Insulin-Like Growth Factor and Its Binding Proteins as Targets:
Potential for Combination Therapies With Docetaxel for Advanced Disease

The insulin-like growth factor (IGF) system is involved in the progression and
metastases of several cancers, including breast and prostate. IGF is another potentially
interesting target in the treatment of metastatic cancer, although, presently, only in the
preclinical testing stage. The system is comprised of two growth factors (IGF-1 and
IGF-2), two receptor types (IGFR-1, IGFR-2), and six binding proteins (IGFBP-1
through IGFBP-6). The function of the binding proteins is generally to downregulate
the activity mediated through the IGF receptors by binding to the IGFs. IGFBP-2 can
be inhibitory for prostate cell growth in early, premalignant stages, but stimulates
prostate cancer cell growth (179,180). IGFBPs 2, 3, and 5 have been implicated in
prostate cancer. IGFBP-2 increases significantly in HRPC and has been shown recently
toenhance IGF-1 signaling and PI3-K activity after androgen ablation, thereby contrib-
uting to the development of androgen-independent growth (/81).

Both IGFBP-2 and IGFBP-3 are inversely related to disease progression (/82,183).
In a study examining preoperative IGF-1, IGFBP-2, and IGFBP-3 levels in the plasma
of men undergoing radical prostatectomy, it was found that men with higher levels of
IGFBP-2 or IGFBP-3 showed a longer time to progression to advanced disease. Patients
with metastases to lymph nodes or to bone had significantly lower plasma IGFBP-3
levels than patients with localized disease (/84). The role of IGFs is important in meta-
static prostate cancer because IGFBP-5 is one of the most abundant stromal growth
factors in bone. IGFBP-3 from bone reduces osteoblastic activity induced by IGFs and
has been associated with development of bony metastases. Its action is thought to be
dependent on PSA-related mechanisms, because IGFBP-3 levels are lower in prostate
cancer bony metastases (PSA positive) than breast cancer bony metastases (PSA nega-
tive). Thus the IGF system is under intense study in hopes of uncovering a novel target
for metastatic disease. At this time, however, there is sufficient rationale to consider the
development of antisense oligonucleotides targeting IGFBP-2 and IGFBP-5 and this has
recently been reviewed by Gleave (185).

5. TARGETED DRUG DELIVERY TO BONE METASTASES

In the context of this chapter, which evaluates the use of docetaxel for treatment of
advanced metastatic prostate cancer, it has been important to consider how systemic
treatment strategies using approved cytotoxic agents in combination with emerging agents
targeting specific molecular defects could achieve improved therapeutic results. It can be
argued that one of the key elements in the development of better treatments for advanced
metastatic disease will be based on the use of targeted drugs for management of cancer
growth within the milieu of the bone. As mentioned in Section 1, targeted drug delivery
for bony metastases involves three distinct approaches: (1) targeting molecular defects,
which lead to the survival and progression of metastatic cancer cells in the bone, (2)
targeting normal bone structural elements and growth or maintenance processes, which
includes bone formation and resorption homeostasis, in order to improve delivery of
drugs to bone, and (3) targeting to tumor-specific changes in bone structure, which might
also aid in reducing toxicity to healthy bone. At the moment the first approach assumes
that molecular defects existing in the primary tumor might still exist in cells that have
metastasized to the bone. This provides the rationale for some of the emerging clinical
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studies summarized in this chapter, where agents targeting specific molecular targets
believed to play a role in tumor cell survival and metastasis are being combined with
conventional cytotoxic agents, such as docetaxel, in an attempt to prolong patient sur-
vival. Tumor-cell-specific agents being tested in clinical settings include the antisense
oligonucleotides discussed here as well as agents targeting endothelial cell proliferation
and migration (e.g. Avastin [bevacizumab]) (/86) and those tumor-cell-derived targeting
signals involved in bone remodeling (e.g., TGF-a, IL-1, IL-6, and TNF-q, etc.).

In the future, because genomic, proteomic, and functional molecular assays define
features about cancer cells that survive and proliferate within the unique environment that
exists within the bone, it is anticipated that unique combinations of drugs will be selected
in order to treat the bone-localized disease. Although there is not sufficient space in this
review to consider this topic, investigators are evaluating primary tumors by expression
analysis with cDNA arrays to help identify molecular signatures associated with disease
that has a propensity to metastasize (/87,188). Alternatively, cancer cells that have
already metastasized to sites such as the bone might have a unique molecular signature.
Obviously, these molecular signatures can be use in a predictive manner, but knowledge
of these signatures will also be critical for making better decisions on the selection of
therapeutic agents that will be used to treat the patient.

The above-outlined approaches contrast with efforts directed to provide palliative care
for those patients with metastatic disease involving the bone, an effort focused on reduc-
ing the pain and morbidity associated with progressive disease development in the bone.
The impact of cancer-mediated bone pain is substantial, and efforts to develop therapeu-
tic approaches to improve the quality of life of patients suffering from this pain are
warranted (/89). However, it would be preferential to implement therapeutic strategies
prior to the observation of bone pain. What is interesting is that these efforts at palliative
care are being used to design better targeted therapies effective in treating cancer progres-
sion. This leads to the second targeted therapeutic approach, which is centered on normal
processes of bone-forming and bone-destroying events that are well regulated in unaf-
fected bones, but can become highly dysregulated when cancer has spread to the bone.
In most simplistic terms, bone homeostasis is controlled by osteoblasts, cells that synthe-
size collagen and control its subsequent mineralization, and osteoclasts, large multi-
nucleated cells that play an active role in bone resorption. In an effort to control
cancer-mediated osteolysis, osteoclast-inhibiting agents have been employed with some
success. This effort was initiated based on the belief that bone metastasis and subsequent
bone erosion requires, in part, recruitment of osteoclasts and agents such as the
bisphosphonates (e.g., etidronate, pamidronate, clodronate) can inhibit the activity of
these cells. Pamidronate frequently has been used for palliative treatment of patients with
advanced cancer and the use of bisphosphonates and aminobisphosphonate (e.g.,
Fosamax®) has provided effective amelioration of pain in patients with bone lesions
(190). More recently, studies completed with zoledronic acid have suggested that this
bisphosphonate can reduce skeletal complications such as bone fracture as well as pain
(191). The use of bisphosphonates for treatment of bone metastasis has been covered
elsewhere in this book; however, as indicated in the following, bisphosphonates also have
“bone-seeking” attributes because of their strong affinity for hydroxyapatite.

Mineralization of bone (i.e., bone forming activity) occurs by deposition of carbonated
hydroxyapatite in a collagen matrix. Thus, bisphosphonates have direct targeting
attributes, which leads to approaches where targeting to bone metastases is based on
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bone-remodeling activity that could be enhanced in regions where tumor growth is
occurring. For example, bisphosphonates have been used in conjugates to direct agents
such as methotrexate into bone, thereby altering its pharmacokinetic and toxicological
profiles as well as achieving more specific drug targeting (osteotropic drug delivery
systems [ODDs]) (reviewed by Stepensky [7192]). The disadvantage of this targeting
method, however, is the need for parenteral administration and, more importantly, there
is a lack of control over where the drug is delivered in the skeleton. The entire skeleton
becomes the likely recipient of such ODDs and, therefore, can result in new dose-limiting
toxicities.

The third approach combines elements of the strategies outlined earlier and will result
in therapeutic combinations of agents that target changes that occur as a consequence of
the association between tumor cells and bone stromal elements. In one form, the speci-
ficity of bisphosphonate-conjugated drugs could be increased if the conjugated thera-
peutic agent exerted its activity primarily on unique features expressed in cancer cells
growing within this site. Thus, delivery might occur throughout the skeleton, but the
agent delivered would exert its therapeutic impact more selectively on cancer cells as
opposed to normal cells with the bone. Efforts have been directed toward the develop-
ment and preclinical evaluation of bisphosphonates conjugated to estrogen as well as
bisphosphonates conjugated to proteins/peptides (193,194), and it is not unreasonable
to assume that bone-specific delivery of small-molecule kinase inhibitors and/or
antisense oligonucleotides will also be achievable using similar strategies. The former
is exemplified by a recent report by Wang et al. that described the development of a Src
tyrosine kinase inhibitor synthesize with covalently attached bisphosphonate (795). The
Scr kinase inhibitor retained activity and exhibited affinity to hydroxyapatite. The com-
pany developing this technology (ARIAD Pharmaceuticals, Inc.) argues that they are
designing small-molecule inhibitors that inhibit bone breakdown while blocking the
growth of cancer cells that have spread to bone.

A fourth approach used to achieve targeted delivery to bone metastases takes advan-
tage of the unique microenvironment that exists when tumor cells proliferate in bone.
This is not dissimilar from strategies targeting neovasculature and vascular endothe-
lium damage associated with tumor growth. Investigators have developed methods to
target endothelial cells, but the value of these approaches for cancer is only realized if
the targeting strategies consider changes in the endothelial cells that are uniquely
associated with tumor growth. Tumor growth changes the surrounding endothelium in
a manner that makes the associated endothelial cells a unique target, distinct from
normal endothelial cells throughout the body. In the case of prostate cancer, investiga-
tors have shown that prostate cancer cells bind preferentially to human bone marrow
endothelial cells (196—198). Thus one can consider targeting strategies that recognize
the unique attributes of these bone marrow endothelial cells. Similar to other sites of
tumor growth, changes in bone marrow blood vessels induced by tumor growth could
alsobeused to achieve targeting. A greater understanding of the microenvironment and
the host—tumor cell interface in the bone will be required in order to develop such
strategies.

Further opportunities arise for targeting bone when one considers that the targeting
strategies described earlier might involve intravenous administration of the selected
drug combinations. In consideration of the blood vessel structure of bone marrow,
investigators have pursued development of injectable colloidal drug carriers to improve
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the delivery of drugs for treatment of bone disease. Capillaries in the bone marrow are
described as either fenestrated or discontinuous. Fenestrated capillaries exhibit large
(60-100 nm in diameter) fenestrae or “openings,” which have an underlying thin dia-
phragm that lacks the typical structure of blood vessels. These capillaries have a con-
tinuous basal lamina and are typically associated with regions where rapid exchanges
between blood and tissue spaces are required. This type of capillary is found in the
kidney, intestine, and endocrine organs but has also been shown to be present in bone.
Discontinuous or sinusoidal capillaries possess open fenestrations through their endo-
thelium. This type of capillary normally is associated with tissues rich in tissue mac-
rophages such as the liver, spleen, and bone marrow. Because of the open blood vessel
structure in bone marrow, small (<200 nm) drug carrier systems can be used to achieve
improved, and more selective, delivery to the bone. This was recognized more than
15 yrago by [llum and Davies, who demonstrated polymer-coated microspheres depos-
ited in the bone marrow (/98). More recently, the laboratory of Couvreur has pursued
polymer-based nanoparticles to deliver agents to the bone (/199-201). In the case of the
anticancer drug doxorubicin, marrow toxicity, as judged by myelosuppression, was
increased as a result of increased drug delivery and prolonged exposure achieved by
associating this cytotoxic drug with a nanoparticle (/99). Our research laboratory
obtained similar results when delivering doxorubicin in liposomal drug carriers (202).
These negative results are not surprising when one considers that these nano-drug
delivery systems enhanced the delivery of a drug active against proliferating bone
marrow hemopoietic cells. The advent of more selective, molecularly targeted drugs
makes it interesting to consider application of drug carrier technology to improve
delivery of these agents. Couvreur’s laboratory, for example, has used nanoparticles as
carriers for human recombinant granulocyte colony-stimulating factor with the aim of
developing a formulation that exhibits improved therapeutic effects when used to treat
neutropenia (203).

In the case of treating bony metastases, a more specific delivery of the pharmaco-
logic agent is desired and, as implied earlier, this might require a combination of
approaches. For example, the pairing of focused radiation therapy with drug delivery
systems that release their contents upon irradiation would be a sophisticated approach.
Liposomes that are lysed or disrupted by radiation energy (204) such that permeability
changes occur resulting in drug release (205) could possibly be designed to incorporate
docetaxel and/or the novel biological response modifiers, providing site-specific
therapy and minimizing exposure at nontarget sites. These ideas have yet to be tested
in vivo.

Characterization of the uptake of systemically administered drug delivery systems,
such as liposomes, into bony metastases of human patients has not been studied suffi-
ciently to know whether carriers can actually improve delivery. One study of the bone
metastases of two patients who received a long circulating formulation (PEGylated)
liposomal doxorubicin (Caelyx®, Schering-Plough) indicated a 10-fold greater drug level
in bone compared to muscle after receiving the drug (206). Presently, local delivery
(without systemic administration) of anticancer drugs to bony metatastases is also under
investigation using various implantable devices such as bone cement containing antican-
cerdrugs (207,208), calcium phosphate matrix implants for methotrexate release in bone
(209) or controlled release pastes or polymeric delivery systems (2/0), which might be
suitable for the delivery of docetaxel as well.
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6. CONCLUSIONS

In this chapter, we have reviewed the pharmacology and the major clinical applica-
tions of docetaxel for advanced metastatic cancer, particularly HRPC. The multiple
mechanisms of action of docetaxel and its wide range of single-agent activity in first-
and second-line therapies make docetaxel particularly valuable when devising combi-
nation strategies to combat metastatic disease. In June 2004, the results of critically
important phase III clinical trials of combination chemotherapy with docetaxel released.
These positive results will guide the further development of docetaxel in advanced
prostate cancer. Novel, molecularly targeted therapies, including antisense oligonucle-
otides against targets such as Bcl-2 and clusterin, will provide further opportunities to
expand and define the most valuable roles of docetaxel. Finally, as drug delivery strat-
egies are developed to target these optimized therapies directly to the sites of bony
metastasis, we anticipate that in the near future, bone metastases will not be considered
untreatable disease.
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1. INTRODUCTION

Tetracyclines are a class of related antibiotic compounds first discovered by retired
American botanist Benjamin Duggar (1) in the late 1940s. Duggar extracted a yellowish
crystalline compound with unique antibacterial properties, called aureomycin (7-chlo-
rtetracycline), from soil found near cemeteries containing Streptomyces aureofaciens, a
fungallike bacteria of the Actinomycetales order. The parent compound, tetracycline, was
subsequently produced by the removal of the chlorine atom from aureomycin by catalytic
hydrogenation (2). Tetracycline and its semisynthetic derivatives are active against a
wide variety of Gram-positive and Gram-negative bacteria, chlamydiae, mycoplasmas,
rickettsiae, and protozoan parasites. Although tetracyclines have been used commer-
cially only since the 1950s, earlier civilizations might have unknowingly benefited from
their antibiotic properties. Bone samples from 1600-yr-old Nubian (northern Sudanese)
mummies have shown evidence of intermittent tetracycline incorporation, apparently
from Streptomycetes contamination of grains used to make bread and beer (3). More than
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50 different antibiotics have been isolated from Streptomycetes species, including strep-
tomycin, neomycin, chloramphenicol, and tetracyclines.

2. STRUCTURE-ACTIVITY RELATIONSHIP
AND MODE OF ACTION OF TETRACYCLINES

Tetracyclines comprised a linear series of four fused six-member rings to which
functional groups are attached (4). The pharmacokinetic properties of tetracyclines are
related to the identity of these functional groups. Figure 1 demonstrates the conserved
common structure for tetracyclines, and Table 1 lists several functional side-group
combinations at the four most common substitution sites. Mainly the result of the
oxygen atoms in the B- and C-rings, tetracyclines possess a great tendency toward the
formation of complexes with a number of different chemical species. Particularly
favorable are interactions with iron, copper, zinc, magnesium, and calcium ions—with
the latter thought to be responsible for their strong affinity for localizing to the calcium-
rich hydroxyapatite structure of bone (5—7). This osteotropism is so pronounced that
tetracyclines have long been used as bone markers in imaging analysis. Semisynthetic
derivatives of tetracyclines (e.g., doxycycline and minocycline) were developed pri-
marily to improve water solubility, thus allowing for parenteral administration or to
enhance oral absorption (4). More recently, other side-group substitutions have elimi-
nated their antibiotic capabilities altogether (4,8), yet these tetracyclines maintain their
characteristic bone-targeting/chelating activities while developing other interesting
pharmacologic features (9—11). Table 2 identifies the structural alterations found in
several of these chemically modified tetracyclines.

The application and modes of action of tetracyclines as antibiotics have been exten-
sively reviewed (4, 12). Their bacteriostatic properties result from the inhibition of pro-
tein synthesis in bacterial cells by preventing the attachment of aminoacyl-tRNA to the
ribosomal acceptor (A) site (13—16). In recent years, tetracyclines and their derivatives
have attracted significant interest in the scientific communitybecause of the discovery of
biological activities independent of their antimicrobial properties, many of which are
directly relevant to cancer research. These numerous effects include inhibition of tumor
cell progression (/7), matrix metalloproteinases (MMPs) (18), osteoclast functions (79),
inflammation (20), nitric oxide synthase (NOS) expression (9,21), superoxide produc-
tion (22-24) (possibly with increased free-radical scavenging [25]), and angiogenesis
(26-28), in addition to various effects on neural cells (29—31). Tetracyclines have been
used in the treatment of periodontal diseases, but their efficacy in that setting is thought
to be related more to anti-inflammatory (32) and MMP-inhibitory properties (33,34).

3. EFFECT OF TETRACYCLINES ON TUMOR CELLS

Tetracyclines have shown cytostatic and cytotoxic capacities on tumor cells of many
different origins, both in vitro and in animal models. They inhibit the growth of carcino-
gen-induced tumors (35) and T-cell leukemia in rats (36). Doxycycline has been found
to be cytostatic to human renal and prostate carcinoma cells, and cytotoxic after pro-
longed treatment (37). In vitro studies have now confirmed the cytotoxic effects of
tetracyclines on a variety of cultured human tumor cell lines, including prostate cancer,
breast cancer, osteosarcoma, leukemia, and mesothelioma cells (38—42). Whenever ana-
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Fig. 1. Conserved chemical structure of tetracyclines (the four rings are identified as A through
D, from the right to left).

Table 1

Tetracycline Functional Side Groups

Compound

Trade names R

=

L 2 3 4
Tetracycline Achromycin, Sumycin, Panmycin H CH, OH H
Chlortetracycline Aureomycin, Lymecycline Cl CH3 OH H
Oxytetracycline ~ Terramycin, Oxacycline, Clinimycin H CH3 OH H
Minocycline Minocin, Vectrin, Klinomycin N(CH3)2 H H H
Doxycycline Vibramycin, Hydramycin, Vivox H CH2 H OH
Table 2
Chemically-Modified Tetracyclines

Compound Rl R2 R? R4 Additional modifications

Tetracycline H CH3 OH H

CMT-1 H CH3 OH H A-ring N(CH3)2 replaced by H

CMT-2 H CH3 OH H A-ring N (CH3) replaced by N(CH3) ) and CONH2

replaced by

CMT-3(COL-3) H H H H A-ring N(CH3)2 replaced by H

CMT-4 Cl CH3 OH H

CMT-5 H CH3 OH H  Nitrogen between C and D rings

CMT-6 H CH3 OH H  A-ring N(CH-,’)2 replaced by OH

CMT-7 H CH3 OH H  A-ring N(CH3)2 replaced by H; C-ring O replaced

by OH
CMT-8 H

CH, H OH A-ring N(CH3)2 replaced by H

lyzed, apoptosis was observed to be occurring in these cells after doxycycline cytotoxic
treatment (39,40), and caspase-3 activation has been implicated as the mechanism of
induction of apoptosis in a leukemia cell line (43). Doxycycline inhibited the migration
of MDA-MB-435 breast adenocarcinoma cells through Matrigel (an invasion assay)
(44), whereas CMT-3 inhibits colon cancer cell invasiveness (/7). Several tetracyclines
have been shown to reduce tumor burden and growth in a nude mouse model of human



296 Part II / Therapeutic Strategies

metastatic breast cancer (45) and in arat prostate cancer model (Dunning MATLyLu)(8).
In an experimental mouse model, malignant cell growth in pleural effusions was sup-
pressed significantly by doxycycline (46). These effects of tetracyclines on tumor cells
are usually observed at supra-antimicrobial doses, which may be in part responsible for
the adverse effects observed in clinical trials when tetracyclines have been tested as
anticancer agents (47-50). In the bone, however, the natural osteotropism of tetracyclines
leads to a much higher concentration of the drug than in the circulation, making these
cytotoxic doses of tetracyclines easy to achieve in bone tissue while avoiding unwanted
side effects.

4. EFFECT OF TETRACYCLINES ON MMPS

The role of MMPs and their inhibitors in bone and in cancer therapy have been exten-
sively reviewed (57/-55), including in Chapter 6 in this book. The importance of these
enzymes in cancer progression and metastasis is now well established (56). The first
documented evidence of MMP inhibition by tetracyclines, specifically minocycline, was
of gingival collagenase in diabetic rats (57) and this finding was later confirmed in
synovial tissue or fluid of patients treated with minocycline (58). Since then, many groups
have found most tetracyclines to inhibit a variety of MMPs. Most interesting in this
context is the inhibition by tetracyclines of MMPs produced by tumor cell lines, such as
breast and prostate carcinoma cells, osteosarcoma cells, and mesothelioma cells (38—
41,59). Several individual MMPs have thus been documented to be affected, including
MMP-8 (60) and MMP-1 (61) by doxycycline treatment, MMP-14 by CMT-3 (62) and
MMP-2 and MMP-9 by a variety of tetracyclines, including doxycycline and minocycline
(38). With regard to the potential mechanism of these effects, it is considered that the
chelation of metal ions such as zinc results in the inhibition by tetracyclines of MMPs
(14,38).

The inhibition of MMPs by tetracyclines is doubly important for the potential treat-
ment of bone metastases, because MMPs are used by both tumor cells (63,64) and osteo-
clasts (65) for bone resorption. Similarly to the dose needed for a cytotoxic effect, the
inhibitory effect of tetracyclines on MMPs is usually observed at levels higher than can
be achieved with standard antibiotic doses. Once again, in the context of bone pathologies
such as bone metastases, the necessary concentrations would be easy to achieve because
of the osteotropism of tetracyclines.

5. EFFECTS OF TETRACYCLINES
ON OSTEOCLASTS AND OSTEOBLASTS

Many effects of tetracyclines on osteoclast function can be explained by their MMP
inhibitory activity; however, evidence is accumulating that tetracyclines have other
effects on these cells that are independent of MMP inhibition. Additionally, some evi-
dence is also available to show that tetracyclines can modulate some functions in osteo-
blasts. This literature enhances the potential that tetracyclines have with regard to
treatment of bone pathologies such as metastases, but needs to be analyzed with care
because of some differences in the effects of various members of the tetracycline family.

The observed effect of tetracyclines on osteoclasts in culture is most often inhibitory,
but there are variations depending on the conditions of the experiment, the source of cells,
and the type of tetracycline. Chick embryo osteoclasts cultured on devitalized cortical
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bone are inhibited from exhibiting pit formation by doxycycline and CMT-1 (66). In
similar experiments, CMT-8 dose-dependently inhibited mouse osteoclast pit formation
(67). These observations could be the result of either inhibition of MMP activity or other
effects on these cells such as reduction of osteoclast viability. Effectively, both CMT-3
and doxycycline have been reported to reduce spreading and induce apoptosis in mature
rabbit osteoclasts cultured in vitro, whereas CMT-2 and CMT-5 did not have similar
effects (68). CMT-1 and minocycline also reduce osteoclast spreading or induce retrac-
tion (69). In addition, doxycycline and CMT-3 inhibited the formation of tartrate-resis-
tant acid phosphatase (TRAP)-positive multinuclear cells from osteoblast/bone marrow
cocultures, indicative of an inhibition of osteoclastogenesis (68). Similar to the effect
observed for CMT-8 (67), both of these agents inhibited the formation of resorption
lacunae (68). This indicates that although the inhibition of pit formation by tetracyclines
could be the result of the inhibition of MMPs, it could also be the result of the inhibition
of osteoclast maturation and/or cell death and of a combination of these multiple effects.
The potential mechanism of action of tetracyclines on osteoclasts is not yet clear, although
there is the possibility that at least part of their effects might be at the level of calcium
signaling (70,71), known to be important in osteoclast function. Although less research
on tetracyclines has been done with osteoblasts than with osteoclasts in culture,
minocycline has been shown to stimulate the colony-forming efficiency of marrow stromal
cells, indicating that this particular tetracycline may aid osteoblast differentiation (72).

These observations from in vitro work with osteoclasts and osteoblasts are backed up
by much more data from in vivo work with animal models of osteoclast and osteoblast
recruitment and function. An experimental model for postmenopausal osteoporosis is
often used in these studies, that of aged rats that have been ovariectomized to induce loss
of trabecular bone. Using this model, Williams etal. (73,74) have shown that minocycline
was able to both increase bone formation and decrease bone loss in trabecular bone.
CMT-8 also has this ability in the same rat model, and ultrastructural analysis shows
reduced ruffled border formation in osteoclasts in the affected bones (67). Other in vivo
models, in particular surgical inducement of bone injury, have shown similar results.
Surgery to the maxillary molars, an experimental model of periodontitis, induces osteo-
clast recruitment to the affected bone areas as part of the repair process. Doxycycline
significantly inhibits mononuclear cell influx and the number of osteoclasts colonizing
the area of repair in such a model (75,76). This was also observed with minocycline in
a similar surgical inducement of bone remodeling, and in addition to the effect of inhi-
bition of osteoclast recruitment, the osteoclasts recruited were also significantly smaller
(77). Streptozotocin-induced diabetes in rats leads to osteopenia, and both minocycline
and CMT-1 were found to restore osteoblast structure and function in the affected bones
(78,79).

Some of these observed in vivo effects might be occurring by a lack of stimulation of
osteoclasts by osteoblasts. Effectively, minocycline treatment leads to a decrease in
IL-6 expression, the latter being a stimulator of osteoclast differentiation and activation
(72). Similarly, CMT-8 has been shown to inhibit IL-6 secretion in a murine osteoblastic
cell line, likely by decreasing mRNA stability (80,87). Another possibility discussed
earlier is that tetracyclines might be turning off the signaling for recruitment and dif-
ferentiation of osteoclasts. Knowing that monocytes are the precursor cells of osteoclasts,
this possibility is defended by the observation that CMT-3 and doxycycline are cytotoxic
toward cells of the monocytic pathway (82).
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6. ANTI-INFLAMMATORY EFFECTS OF TETRACYCLINES

The anti-inflammatory effects of tetracyclines are likely mediated through a prosta-
glandin-based mechanism. Tetracyclines are known to directly inhibit cyclooxygenase-
2 (COX-2) production (10,83), and this COX-2 inhibition should theoretically reduce
PGE2 levels because the COX-2 enzyme is involved in the synthesis of prostaglandins
from arachidonic acid (84). One report, however, indicated that low doses of tetracycline
in vitro augmented PGE2 production (85) (although high tetracycline levels resulted in
no effecton PGE2 levels). Because PGE2 is known to trigger osteoclastic bone resorption
(86), this might be one of the mechanisms through which tetracyclines might be able to
reduce the destructive effects of prostate and breast cancer metastasis (75,86-88). Further
to this, the COX-2 enzyme itself is implicated in enhancing the metastatic spread of colon
cancer (89) and the promotion of tumor angiogenesis (90,91). Colon cancer cells modi-
fied to express high levels of COX-2 also possessed potent matrix-degrading activity,
likely the result of increased MMP-2 (89). The combination of a selective COX-2 inhibi-
tor and doxycycline (employed as an MMP-2 inhibitor) produced significant antitumor
effects in a human osteosarcoma model (92).

7. EFFECT OF TETRACYCLINES ON NEURAL TISSUE

Tetracyclines also have demonstrated effects on neural cells. Minocycline inhibited
the activation of microgliaresulting from an induced inflammatory process (29,30). Glial
cells are known to be involved in the neurostructural responses to pain stimuli, and
although they are also involved to some extent in chronic neuropathic pain, these cells
are particularly relevant to advanced bone cancer pain. The number of astroglia found in
the spinal cord of rats as aresult of chronic pain was found to be dramatically higher when
bone degradation was the source of the stimulus (93). A measurable increase in the
expression of glial fibrillary acidic protein (a marker for astroglia) in the spinal nerves is
thought to be a unique feature of bone pain (94,95). Minocycline has been shown to
prevent neuropathic pain, via a glial activation mechanism, but it was unable to reverse
the pain after it had been established (31).

8. COMBINED EFFECTS OF TETRACYCLINES IN THE BONE
ENVIRONMENT AND FUTURE TREATMENT POSSIBILITIES

As we have seen, tetracyclines not only target themselves specifically to the mineral
structures of bone, but they also produce various effects on the cellular components
present in the bone microenvironment under normal or pathological conditions. Tetracy-
clines are bacteriostatic, are tumour cytotoxic, inhibit MMPs, inflammation, and bone
degradation, and reduce pain. These effects together provide members of the tetracycline
family with the potential for useful activity in a variety of bone-related pathologies. Low-
dose doxycycline has already been approved by the Food and Drug Administration for
the treatment of adult periodontitis. Our studies in a mouse model of metastatic breast
cancer have shown that doxycycline has the potential to reduce tumor burden in the bone
(87). This encouraging result has paved the way for a phase II trial of doxycycline in bone
metastases prevention in breast and prostate cancer patients at our institute.

An important issue not often addressed is the specificity of some effects to certain
members of the tetracycline family and not others. This means that a good delineation of
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the mechanisms involved in particular pathologies might provide researchers with a
better idea as to which tetracycline to select for studies, based on the particular effects of
each specific tetracycline. In this regard, comparative analysis of different members of
the tetracycline family for variation of effects in the same model system is not always
performed but might eventually be required when selecting a drug to use.

Doxycycline is used extensively as a transcriptional activator to provide on/off control
over the expression of a wide variety of desired transgenes both in vitro and in vivo (96).
Although it has been recently applied in this manner to inhibit angiogenesis in a model
of bone cancer metastasis (97), another report demonstrated a significant upregulation of
thrombospondin-1 (an endogenous angiogenesis inhibitor) by doxycycline itself (98),
suggesting caution when applying tetracyclines to control gene expression in bone- and
angiogenesis-related model systems.
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1. INTRODUCTION

The clinical usefulness of bisphosphonates lie in their ability to inhibit bone resorp-
tion, which underlies various pathological conditions ranging from osteoporosis and
Paget’s disease to hypercalcemia of malignancy and complications associated with can-
cer metastasis to bone.

Bisphosphonates are analogs of pyrophosphates (P-O-P) in which the central oxygen
atom is replaced by a carbon atom, resulting in a P-C-P backbone. Because of this
modification, the resulting molecule resists degradation by endogenous phosphatases
(such as alkaline phosphatase which, at neutral pH, can hydrolyze inorganic pyrophos-
phates). Two additional side chains (R1, R2) attach to the central carbon atom, resulting
in a number of bisphosphonate derivatives with varying potencies (/).

2. MECHANISMS UNDERLYING BONE METASTASIS

The human skeleton is a dynamic organ, with the dry skeleton (excluding water and
fat) representing about 10% of the total body weight. The extracellular component
includes an organic phase and a mineral phase; 90-95% of the organic matrix is made up
of type I collagen and the mineral component is made up of poorly crystallized hydroxya-
patite. Some of the noncollagenous proteins within the organic phase might be involved
in mediating bone mineralization. Central to both bone physiology and bone pathology
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are two cells: the osteoblast and the osteoclast. The osteoblast is of mesenchymal origin,
synthesizes the organ matrix, and has receptors for parathyroid hormone (PTH) and
1,25(OH), vitamin D. Osteoclasts are derived from granulocyte-macrophage colony-
forming units (GM-CFUs) and have receptors for calcitonin. Upon activation, osteoclasts
secrete carbonic anhydrase-generated acid via a proton pump. The acid results in disso-
lution of the mineral component, followed by protease-mediated degradation of the
organic matrix. The balance between formation and resorption of bone that normally
occurs under physiological conditions is disrupted when the tumor invades and estab-
lishes metastatic lesions in the bone.

Because of its vascular supply and rich mileau of bone marrow cell-derived and
osteoblast-derived growth factors and cytokines, the bone is a fertile soil for invasion
and establishment of metastasis from a variety of tumors. However, not all tumors have
a predilection for bone, suggesting that properties inherent to tumors of specific lin-
eages are also important for establishing bone metastasis. Clinically, metastatic bone
lesions are considered osteolytic, osteoblastic, or a combination of both, with mixed
lesions being the most common. Regardless of the type of lesion seen, activation of
osteoclasts is a key feature of bone metastasis. Tumors can secrete certain cytokines,
growth factors, or hormones that directly or indirectly stimulate osteoclastic activity
by modulating osteoblast to osteoclast signaling. Osteoclast-mediated bone resorption
leads to the release of various bone-marrow-derived growth factors (e.g., transforming
growth factor [TGF-B], platelet derived growth factor [PDGF], insulin-like growth
factors [IGF], bone morphogenetic proteins [BMP]) that, in turn, stimulate the tumor
cells. Thus, a feed-forward cycle is created in which the osteoclast plays a central role.

Some of the signaling networks between tumor cells and the cellular components of
the bone are being elucidated, potentially providing additional therapeutic opportunities
for treating bone metastasis. Several key regulators of osteoclast activity are members of
the tumor necrosis factor (TNF)-related family. Receptor activator of NF-kB (RANK),
its ligand (RANKL), and osteoprotegerin (OPG, a soluble decoy receptor for RANKL)
(2—6) are expressed and secreted by bone marrow stromal cells and osteoblasts. RANKL
binds to its receptor RANK on osteoclasts, leading to osteoclast activation. On the other
hand, OPG inhibits RANKL binding to RANK, thus downmodulating osteoclast activity.
Certain tumors can also express RANKL under appropriate conditions. For instance,
myeloma cells express RANKL when cocultured with bone marrow stromal cells (7).
Bone-derived growth factors such as transforming growth factor (TGF)-f can stimulate
tumor cells to secrete parathyroid hormone-related protein (PTHrP), which, in turn,
induces osteoblasts to increase secretion of RANKL, resulting in osteoclast activation
(8—11). Other tumor-derived and/or host bone marrow cell-derived factors such as mac-
rophage inflammatory protein 1o (MIP1a), interleukin-11 (IL-11), IL-6, and TNF can
directly or indirectly enhance osteoclast activity (/2—18). These factors can enhance
osteoclast activity indirectly by modulating osteoblast function. Another important path-
way recently identified in multiple myeloma relates to Wnt signaling (/9). Both the Wnt
receptor and the low-density lipoprotein receptor-related protein 5 (LRP5) or LRP6
coreceptors are engaged by the Wnt growth factor for cell signaling to occur (20-22).
Myeloma cells can secrete molecules like dickkopf 1 (DKK1), which bind to the LRP5
coreceptor, resulting in inhibition of Wnt signaling and osteoblast differentiation (/9).
Thus, the characteristic osteolytic lesions in multiple myeloma are a consequence of both
enhanced osteoclast activation and decreased osteoblast function.



Chapter 18 / Bisphosphonates in Skeletal Metastases 307

Although bone metastases in multiple myeloma are dominated by osteolytic lesions,
most tumors lead to a mixed skeletal response. Prostate cancer is characterized primarily
by osteoblastic skeletal lesions. The mechanism(s) of enhanced osteoblast activity in
bone metastasis have not been as clearly defined as that for osteoclasts. Several tumor-
derived growth factors, such endothelin-1 (ET-1) and certain proteases such as uroki-
nase-type plasminogen activator (uPA) and prostate-specific antigen (PSA) have been
implicated as direct or indirect stimulators of osteoblasts (23-29). Other studies have
suggested that gene expression patterns of prostate cancer cells with a predilection for
bone can mimic that of osteoblasts, including expression of an important osteoblast-
specific transcription factor Runx2 (Cbfal) (30). Remarkably, under appropriate condi-
tions, prostate cancer cells in culture can also direct bone mineralization (3/). Taken
together, these studies reveal that several properties inherent to prostate cancer lead to an
osteoblastic response in the skeleton. However, bone-resorption markers are also signifi-
cantly elevated in metastatic prostate cancer, consistent with prominent osteoclast activ-
ity in this disease as well (32-35). Thus, osteoclast activation underlies the pathogenesis
of metastatic bone lesions irrespective of their clinical appearance.

3. MECHANISMS OF BISPHOSPHONATE ACTION

By substituting different moieties in the R1 and R2 positions of the P-C-P backbone,
a series of bisphosphonates have been developed over the last few decades. In most
bisphosphonates, a hydroxyl group (OH) is present in the R1 position (some exceptions
include clodronate with chloride [Cl] in the R1 position, and tiludronate with hydrogen
[H] in the R1 position). Substitutions in the R2 position have yielded a series of com-
pounds with varying potencies in terms of their antiresorptive activity. First-generation
bisphosphonates have simple substitutions in the R2 position (e.g., CH; in etidronate, Cl
in clodronate). The second-generation bisphosphonates (e.g., pamidronate, alendronate,
ibandronate) have different nitrogen (N)-containing alkyl groups in the R2 position,
whereas the more recent third-generation compounds (e.g., risedronate, zoledronic acid)
have N-containing heterocyclic rings in this position. Introduction of nitrogen into the R2
position has increased the antiresorptive potency of the newer bisphosphonates. Activity
was determined by assays of relative inhibition of vitamin D-induced hypercalcemia in
thyroparathyroidectomized rats or inhibition of stimulator-induced calcium release from
mouse calvaria in culture. The second-generation bisphosphonates are approximately
two orders of magnitude more potent than the first-generation compounds, whereas the
third-generation bisphosphonates are about two orders more potent than the second-
generation derivatives (36,37).

Because of the phosphonic acid groups, the bisphosphonates bind with high affinity
to the calcium-containing hydroxyapatite in mineralized bone; this binding is further
enhanced by the OH substitution in the R1 position (37-39). High doses of bisphos-
phonates can cause defects in bone mineralization. With the newer more potent bisphos-
phonates, effective antiresorption can be achieved with lower doses and they are less
likely to cause mineralization defects.

Studies are beginning to shed light on the antiresorptive properties of the bisphos-
phonates. By binding to mineralized bone, bisphosphonates make osteolysis of bone
more difficult by the bone-resorbing osteoclasts. Bisphosphonates also have direct
antiosteoclast activities. After initial binding to bone, bisphosphonates are released in the
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local microenvironment upon osteoclast-mediated resorption and taken up by these cells.
The non-nitrogen bisphosphonates (e.g., etidronate, clodronate) form ATP analogs, which
are potentially toxic to cells (40). The N-containing bisphosphonates, on the other hand,
appear to have a different mechanism of action. These bisphosphonates inhibit the
mevalonate pathway, which is involved in the synthesis of sterols like cholesterol and
isoprenoids, in a number of cell types (4/). The isoprenoids are necessary for the post-
translational modification or prenylation of small G-proteins, such as members of the Ras
family. Prenylation of the G-proteins is important for their function, including cell local-
ization and integration of extracellular signals to downstream signaling pathways. The
N-containing bisphosphonates inhibit a key enzyme called farnesyl pyrophosphate syn-
thase in the complex mevalonate biosynthetic pathway, resulting in decreased
farnesylation of Ras (41,42). Regardless of their molecular mechanisms of action, the
rapid accumulation of bisphosphonates into the skeleton minimizes their exposure to
nonskeletal tissues. Hence, their effects are essentially skeletal-specific, with relatively
minimal toxicity to the other tissues.

Bisphosphonates can also inhibit secretion of certain osteoclastogenic growth factors
and cytokines (like IL-6) by bone marrow stromal cells, osteoblasts, and host immune
cells (43,44). Inhibition of osteoclast-mediated bone resorption prevents release of bone-
bound tumor-stimulatory factors such as TGF-. Because tumors in turn secrete
osteoclastogenic factors (e.g., PTHrP, RANKL), inhibition of osteoclast function can
break this vicious cycle.

In addition to modulating either directly or indirectly osteoclastic function recent
studies, particularly with the newer-generation bisphosphonates, are beginning to dem-
onstrate that they have several other biological effects, at least in vitro and in cell culture
systems. For instance, the N-containing bisphosphonates are antiproliferative (causing
G- or S-phase arrest) or proapoptotic for several tumor types, including myeloma, breast,
prostate, and others (45-47). These effects might be further enhanced when they are used
in combination with certain anticancer drugs (48,49). Bisphosphonates can also inhibit
adhesion of tumor cells to the bone matrix (50). By chelating zinc, which is necessary for
the activity of matrix metalloproteases (MMPs), bisphosphonates can block the function
of these enzymes and, hence, potentially inhibit extracellular matrix breakdown and
tumor invasion (57). Recent data also suggest that the most potent bisphosphonate (i.e.,
zoledronic acid) has antiangiogenic properties because it can inhibit endothelial cell
proliferation and adhesion (52). Furthermore, the N-containing bisphosphonates might
have immunomodulatory activity in that they stimulate antitumor cytotoxic T-cells and
affect antigen-presenting cell function (53-55). Although many of the pleiotropic effects
of the bisphosphonates occur in the micromolar or millimolar range, such concentrations
are potentially achievable locally in the bone microenvironment in which they are pref-
erentially concentrated (56). However, at present, it is not clear whether these additional
mechanisms of action contribute to the overall activity of the bisphosphonates in the
clinical setting.

4. CLINICAL USES OF BISPHOSPHONATES

Several consequences, resulting in significant morbidity, can occur as a result of
skeletal metastasis, including pain, hypercalcemia (which might or might not be associ-
ated with actual tumor invasion of bone), and other skeletal-related events such as patho-
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logical fractures, spinal cord compression, need for surgery to stabilize bone, or radiation
to palliate pain or prevent bone-related complications. Also, osteopenia/osteoporosis,
which is often induced or exacerbated by some of the anticancer treatments, is being
recognized as a potentially important source of morbidity in cancer patients. An impor-
tant role for the bisphosphonates is being defined in the management of some of these
skeletal-related complications.

4.1. Hypercalcemia of Malignancy

Hypercalcemia of malignancy (HCM) is a serious complication associated with
advanced stages of malignancy, occurring in 10-20% of cancer patients. As with other
malignancy-related skeletal complications, osteoclast activation is a common under-
lying pathophysiologic mechanism of HCM irrespective of whether or not clinically
evident bone metastasis is present. In the absence of clinical metastasis, HCM can
occur as a result of the release of soluble factors (e.g., parathyroid hormone-related
protein [PTHrP], cytokines) in the circulation by tumor cells that activate osteoclasts.
At the other end of the spectrum, enhanced osteoclast-mediated resorption as a result
of the local presence of tumor cells in the bone can lead to HCM. Multiple myeloma
(MM) is the most common hematologic malignancy associated with hypercalcemia,
and breast and lung cancer account for a majority of the nonhematologic HCM cases.
Interestingly, although most advanced prostate cancer patients have bone metastasis,
hypercalcemia is rare in these men.

In addition to the standard therapies for hypercalcemia, bisphosphonates have become
an important component of managing HCM. Etidronate was the first bisphosphonate
approved for HCM and is given at 7.5 mg/kg/d over 4 h intravenously for 3 consecu-
tive days (57). Studies comparing pamidronate to etidronate or pamidronate to etidronate
or clodronate demonstrated that pamidronate given intravenously was more effective in
lowering serum calcium levels than the first-generation compounds (58,59). This, coupled
with the more convenient 1-d dosing schedule and less inhibitory effects on bone min-
eralization, made pamidronate the bisphosphonate of choice for treating HCM (60,61 ).
Morerecently, zoledronic acid has been compared to pamidronate in HCM in two double-
blind, double-dummy controlled trials, and the pooled results reported (62). Two hundred
eighty-seven patients with HCM were randomized to one of three arms: 4mg or 8§ mg
zoledronic acid via 5 min intravenous infusion or pamidronate 90 mg given intravenously
over 2 h. By d 10, the proportion of patients achieving normalization of corrected serum
calcium (CSC; the primary end point of the study) were 88.4%, 86.7%, and 69.7% for 4
mg and 8 mg zoledronic acid and 90 mg pamidronate, respectively. A greater proportion
of patients normalized CSC by d 4 in the zoledronic acid arm than the pamidronate arm
(50% vs 33%). The median duration of complete response was 32, 43, and 18 d for 4 mg
and 8 mg zoledronic acid and 90 mg pamidronate, respectively (62). Thus, with zoledronic
acid, more patients achieved normal serum calcium levels faster and for longer duration
than with pamidronate. Based on these results, zoledronic acid was approved for HCM
by the US Food and Drug Administration (FDA) in 2001. Although the studies were done
with zoledronic acid given at 4 or 8 mg over 5 min, current guidelines for HCM are
zoledronic acid 4 mg infused over 15 min. No specific minimal interval between repeat
doses has been established, but, if necessary, doses can be repeated; it is generally rec-
ommended to wait a minimum of 7 d before giving a repeat dose.
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4.2. Other Complications of Bone Metastasis

Although the incidence of HCM is decreasing, other serious complications from tumor
invasion to bone often occur. Pain from skeletal metastasis can be a significant problem.
Such events as vertebral and nonvertebral pathological fractures (that might or might not
require surgical intervention), impending fractures requiring surgical stabilization or
radiation, spinal cord compression, and radiotherapy to palliate pain represent a spectrum
of potential complications that can occur as a consequence of bone metastasis. Although
there have been some variations in the primary and secondary end points used to assess
efficacy, in the more recently completed larger-scale randomized trials the impact of
bisphosphonates on skeletal-related events (SREs) (pathologic fracture, cord compres-
sion, surgery, radiation because of bone metastasis) has been the primary criteria for
evaluating their relative effectiveness clinically.

There are several parameters regarding the use of SREs as an end point in evaluating
response. For instance, one end point is the proportion of patients experiencing at least
one SRE during the period of observation. Using this criterion, a patient experiencing
two or more SREs during the observation period would count the same as a patient
having only one SRE in the same time period. On the other hand, the skeletal morbidity
rate (SMR), defined as the number of SREs per patient per unit time, does not provide
information in terms of numbers of patients experiencing SRE, but, rather, indicates the
number of SREs experienced by an individual patient over time. Another end point that
is often used is the time to first occurrence of an SRE. In addition, a statistical analytic
tool, the so-called multiple event analysis that looks at several chosen variables related
to the event, can provide a composite view of the event and its risk of occurrence in an
individual patient treated on one arm of a trial relative to a control arm (hazard ratio).
As an example, some of the bisphosphonate trials have incorporated the total number
of SREs, time to first SRE, and interval between SREs into deriving hazard ratios that
describe the risk of developing a skeletal complication with respect to the bisphos-
phonate being tested.

The most common hematologic malignancy associated with bone involvement is
multiple myeloma. Of the nonhematologic malignancies, breast and prostate cancer
account for the majority (up to 80%) of the tumors metastasizing to bone, with other solid
tumors making up the rest. In the following subsections, an overview of the role of bis-
phosphonates in these malignancies is presented.

4.2.1. MULTIPLE MYELOMA

Studies done with oral etidronate have shown that it does not impact the skeletal
complications of MM (63). On the other hand, oral clodronate has shown more promise
(64,65). In one trial, newly diagnosed myeloma patients were randomized to receive 2400
mg clodronate orally or placebo daily for 2 yr, in addition to standard chemotherapy (64).
A significant reduction in the proportion of patients experiencing progression of bone
lesions in favor of the clodronate arm was found, although there was essentially no impact
on other parameters, such as incidence of fracture, hypercalcemia or analgesia use. In a
second randomized trial, newly diagnosed patients received 1600 mg/d clodronate or
placebo along with their chemotherapy (65). The incidence of pathologic fracture was
decreased with clodronate but no significant differences in terms of performance status
or pain were noted between the clodronate and placebo arms.
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Oral pamidronate has not proven to be effective in MM (66). By contrast, intravenous
pamidronate, given at 90 mg over 4 h every 4 wk, has had a positive impact (67,68). In
the pivotal trial, 392 patients with stage IIl myeloma and at least 1 lytic bone lesion were
enrolled (67). About two-thirds of the patients were receiving first-line antimyeloma
chemotherapy (stratum 1) and one-third were receiving second-line therapy (stratum 2)
at the time of enrollment. Results after 9 mo and 21 mo of treatment have been reported
(67,68). At 9 mo, the primary end point of mean number of SREs/yr (i.e., SMR) was 1.1
in the pamidronate arm vs 2.1 in the placebo arm (p = 0.0006) (67). Bone pain and
analgesic use were also decreased in the pamidronate arm. At 21 mo, the SMR was 1.3
vs 2.2 (p = 0.008), proportion of patients with at least one SRE was 38% vs 51% (p =
0.015), and median time to first SRE 21 mo vs 10 mo, all in favor of pamidronate over
placebo (68). Although overall survival (OS) was not different between the two arms, OS
for stratum 2 patients was 21 mo in the pamidronate group compared to 14 mo for placebo
(p = 0.041), suggesting that in subgroups of patients pamidronate might also impact
survival. Based on the above data, intravenous pamidronate received approval by the
FDA for use in stage III MM with bone metastasis. Of note is that pamidronate has not
been tested directly against clodronate in MM. On the other hand, intravenous
pamidronate has recently been compared to zoledronic acid in MM in a randomized trial
designed to show equivalence between the two drugs (69,70). At 12 mo and 24 mo of
treatment, 4 mg zoledronic acid given intravenously over 15 min decreased the propor-
tion of patients experiencing an SRE and reduced the mean SMR to the same extent as
90 mg pamidronate given intravenously over 2 h (69, 70). Further, no differences between
the two drugs were found on multiple event analysis (70). Although the two drugs appear
equivalent in MM, the shorter infusion time of zoledronic acid offers a potential advan-
tage. Guidelines for the use of bisphosphonates in MM have been published (71).

4.2.2. BREAST CANCER

Many trials with first- and second-generation bisphosphonates have been reported in
breast cancer. Here, some of the relevant phase III trials in advanced breast cancer will
be reviewed. Oral clodronate at 1600 mg/d has been compared to placebo in patients
with advanced breast cancer receiving systemic therapy (72). A significant decrease in
skeletal morbidity from 3.05 events/yr to 2.19 events/yr was found. Two separate,
placebo-controlled trials of intravenous pamidronate given at 90 mg every 3—4 wk for
up to 2 yr have been conducted in women with metastatic breast cancer having at least
one untreated bone lesion. In one trial, women were treated with chemotherapy *
pamidronate, and in the second trial women received endocrine therapy with or without
pamidronate (73,74). Data from these trials have been reported separately (at 12 and
24 mo of treatment), and after pooling both studies together (73—76). The combined
analysis provides an overall picture of the role of intravenous pamidronate in women
with breast cancer having bone involvement and receiving standard systemic anticancer
therapies (76). The pooled data at 24 mo demonstrates the following: (1) The proportion
of women experiencing at least one SRE (excluding HCM) is 51% vs 64% (p = 0.001),
(2) mean SMR is 2.4 vs 3.7 events/yr, and (3) median time to first SRE is 12.7 mo vs
7 mo for pamidronate vs placebo, respectively (76). Thus, pamidronate has clearly been
shown to decrease complications associated with bone metastasis in breast cancer.
Guidelines for use of bisphosphonates in breast cancer have been published, and
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pamidronate as an adjunct to systemic therapies in patients with breast cancer and bone
metastasis has become standard (77).

Zoledronic acid has also been evaluated in breast cancer. In particular, 4 mg zoledronic
acid given intravenously over 15 min was compared to 90 mg pamidronate given intra-
venously over 2 h every 3—4 wk in a trial designed to show noninferiority of the former
with respect to the latter in women with stage I'V breast cancer and at least one skeletal
lesion. In both arms, women also received standard systemic therapy for breast cancer.
Results have been reported at 12 and 24 mo of treatment (69,70). At 12 mo, zoledronic
acid was found to be equivalent to pamidronate in terms of percentage of patients with
at least one SRE, median time to first SRE, mean SMR, and relative reduction in pain/
analgesicuse (69). Interestingly, in the subgroup of women treated with hormone therapy,
the mean SMR for radiation to bone decreased significantly in the zoledronic acid group
compared to pamidronate (0.33 vs 0.58 events/yr, p = 0.015). The extension study dem-
onstrated that zoledronic acid maintained its equivalence to pamidronate at 24 mo of
treatment, whereas the multiple-event analysis showed that in the subgroup of women
treated with hormone therapy zoledronic acid decreased the individual risk of developing
a skeletal complication by 30% (hazard ratio = 0.693, p = 0.009) (70). Based on the
current data, either pamidronate or zoledronic acid can be used in breast cancer patients
with bone metastasis.

4.2.3. PROSTATE CANCER

In contrast to MM and breast cancer, the role of bisphosphonates in metastatic
prostate cancer has been less well defined. Small, randomized, placebo-controlled
trials failed to show a benefit for etidronate or clodronate in terms of palliating pain in
metastatic disease (78-82). A recent study reported on 311 men with hormone-sensi-
tive metastatic prostate cancer randomized to oral clodronate vs placebo for 3 yr (83).
A nonsignificant reduction in symptomatic bone progression-free survival in the
clodronate group was observed. Subgroup analysis appears to indicate that patients
who began bisphosphonate therapy at an earlier stage of the metastatic state did better.

Pooled data from two randomized trials comparing pamidronate (90 mg every 3 wk
for a total of 27 wk) to placebo has been presented recently. This study failed to show
a benefit for the second-generation bisphosphonate in palliating pain or decreasing
analgesic use in men with painful bone metastasis (84). The secondary end points
looked at SREs in the pooled study; again, no differences were found between the
pamidronate and placebo groups even though bone resorption markers were decreased
by pamidronate (84). On the other hand, 4 mg zoledronic acid over 15 min every 3 wk
for 15 mo has shown a benefit over placebo in advanced prostate cancer progressing
on hormone ablation therapy (85). In this study, the primary endpoint was the propor-
tion of men experiencing SREs (a change in antineoplastic therapy to treat bone pain
was also included in the definition of SRE in this trial), whereas evaluation of pain was
one of the secondary end points (85). At 15 mo, 33% of the patients on the zoledronic
acid arm had at least one SRE compared to 44% on the placebo arm (p = 0.021), and
this difference was maintained in the extension phase of the study to 24 mo. A statis-
tically significant difference was also noted for the time to first SRE (488 vs 321 d) and
the mean SMR favoring zoledronic acid over placebo. Further, patients on the
zoledronic acid arm experienced less pain compared to those in the placebo arm through-
out the course of the study, and this relative reduction in pain reached statistical sig-
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nificance at several time-points of evaluation (3, 9, 21, and 24 mo) (86). Overall,
zoledronic acid reduced the risk of developing a skeletal complication by 36%, with a
hazard ratio of 0.640 (95% confidence interval = 0.485-0.845; p = 0.002).

Zoledronic acid is the first bisphosphonate approved by the FDA for the treatment of
men with prostate cancer and bone metastasis progressing on hormone ablation therapy.
A somewhat puzzling aspect of the zoledronic acid trial relates to dosing. Originally, in
this trial (and other randomized zoledronic acid trials in bone metastasis) there were two
dose levels of zoledronic acid (i.e., 4 mg and 8 mg). However, because of concerns for
renal toxicity, the 8-mg dose was decreased to 4 mg in mid-trial and, hence, this arm
became a composite of 8-mg and 4-mg doses. The proportion of patients experiencing an
SRE in the 8/4-mg arm was lower than in the 4-mg arm and not statistically different
compared to placebo (85). This is unexpected in view of the favorable outcome in the 4-mg
arm, where men received less total zoledronic acid.

4.2.4. OTHER SoLiD TUMORS

Of all the bisphosphonates, zoledronic acid is the only one that has been tested for
relative efficacy in bone metastasis from a variety of solid tumors other than breast cancer
and prostate cancer in a randomized placebo-controlled fashion (87,88). Patients were
treated with zoledronic acid every 3 wk for 9 mo in the core portion of the trial, with an
additional 12-mo extension phase. Approximately 50% of the enrolled patients had non-
small-cell lung cancer. The median survival of the enrolled group was 6 mo, reflecting
the advanced stages of cancer in the trial. Initial efficacy analysis of the 4-mg zoledronic
acid arm (257 patients) vs placebo (250 patients) at 9 mo of treatment has been presented
(87). The proportion of patients with at least one SRE (excluding HCM) was lower in the
zoledronic acid group than in the placebo group (38% vs 44%) but did not reach statistical
significance (p =0.127). If HCM is included, then the difference between the two groups
did reach statistical significance (38% vs 47%, p = 0.039). Zoledronic acid also extended
the median time to first SRE (excluding HCM) by 2 mo compared to placebo (p = 0.023).
From this trial, interesting data in the subgroup of patients with renal cell cancer (RCC)
are also emerging (89). Although the total number of patients with RCC enrolled in the
trial was small, the time to first SRE was 72 d for the placebo arm and was not reached
at 9 mo for the 4-mg zoledronic acid arm (p = 0.006). Further, the time to first pathologic
fracture was 168 d for the placebo arm, but a fracture event had not yet been reached at
9 mo for 4-mg zoledronic acid (p = 0.003). Seventy-four RCC patients, representing
about 10% of the total, entered the trial; 26 patients received 4 mg zoledronic acid, 19
received placebo, and the rest were in the 8/4-mg group. These data suggest that zoledronic
acid might be particularly beneficial in RCC patients with bone metastasis.

4.3. Side Effects and Adverse Reactions of Bisphosphonates

Gastrointestinal intolerance occurs primarily with oral formulations of bisphospho-
nates. Nausea and vomiting can also occur with intravenous administration but occurs
less frequently. Because of rapid clearance from the circulation after intravenous infusion
as a result of uptake by the bone and excretion by the kidneys, exposure to other tissues
is limited, which minimizes potential toxicity. The bulk of the excretion by the kidneys
occurs within 24 h of drug administration. Both glomerular and tubular mechanisms
might be involved in excretion of bisphosphonates by the kidneys. Although the mecha-
nisms are not clearly defined, renal toxicity is a potential concern, possibly because of the
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rate of intravenous infusion. Flulike symptoms (including fever, chills, arthralgias,
myalgias) can occur in a proportion of patients, particularly after the initial dose. How-
ever, these symptoms tend to subside with subsequent administration. The levels of
certain cytokines such as TNF-o and IL-6 (but not IL-1) can increase in the serum of
patients within 24 to 72 h of IV administration (90). The significance of this in the context
of the acute phase reaction, however, is not clear because there might be no correlation
between serum cytokine levels and the acute symptoms (90). The possibility of metabolic
abnormalities, particularly with hypocalcemia and hypophosphatemia, also exists with
bisphosphonate use. To minimize this, both calcium and vitamin D supplements were
used in the recently conducted large-scale zoledronic acid trials for bone metastasis.
The duration of bisphosphonate therapy for skeletal metastasis has not been clearly
defined, although once initiated, patients are generally maintained on it through the
course of their disease. Experience suggests that bisphosphonates can be administered to
patients for up to 2 yr safely. However, a theoretical concern is that because bisphos-
phonates become incorporated into bone with very slow turnover, continued accumula-
tion with prolonged use could make the bone less “malleable” and compromise its ability
to sustain/respond to stress and strain (91). Further, defects in bone mineralization can
occur with continued use, particularly with the earlier generation bisphosphonates.

5. OTHER ISSUES REGARDING BISPHOSPHONATES
IN CANCER PATIENTS

Two emerging issues in the context of cancer and bisphosphonates are prevention of
bone metastasis in high-risk patients and risk of osteoporosis as a consequence of anti-
cancer therapies. Several recent reviews on bisphosphonates have highlighted these clini-
cally important issues (92-95).

5.1. Prevention Studies

A body of preclinical cell culture and animal data suggests that bisphosphonates could
have arole in preventing metastasis to bone (50,51,96—100). Several recent clinical trials
in women with breast cancer have begun to address this issue. Despite some differences
in the patient populations studied, a common feature of these trials is that the enrolled
patients were given the first-generation bisphosphonate clodronate orally for 2-3 yr. In
the largest trial of its kind so far, more than 1000 women with operable breast cancer
undergoing standard adjuvant therapy received 1600 mg/d clodronate or placebo for 2 yr
(101). Atamedian follow-up of 5 yr there were no statistical differences in the incidence
of skeletal or extra-skeletal metastasis, although overall survival appeared to favor the
clodronate arm (p = 0.047). A smaller randomized trial (n = 302) in a more selected
population of women with T;_4N,_, breast cancer and tumor cells in the bone marrow (as
determined by immunohistochemistry), but without overt skeletal metastasis, has also
beenreported (102). Afterinitial local therapy (mastectomy or breast-conserving surgery
with radiation), women received appropriate adjuvant therapy with or without clodronate
at 1600 mg/d for 2 yr (102). Approximately 50% of the enrolled women had no axillary
node involvement. At a median follow-up of 3 yr, the incidence of distant metastasis was
50% lower in the clodronate group compared to the nonclodronate group, with a signifi-
cant decrease in both skeletal and extraskeletal lesions. Further, overall survival favored
the clodronate group (p = 0.001). In an updated follow-up of the trial, although the
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statistical difference in visceral metastasis disappeared between the two groups, both the
lower incidence of bone metastasis and overall increased survival were maintained in the
clodronate group (/03). In contrast to this study, another trial of similar size (n =299) in
women with breast cancer receiving adjuvant therapy (all had node-positive disease but
were not selected for study enrollment according to bone marrow status) + clodronate (3
yr at 1600 mg/d) showed no benefit to using clodronate (/04). Similar rates of skeletal
metastasis were found between the clodronate and control groups, whereas the incidence
of extra-skeletal metastasis was significantly higher in the clodronate group, which also
had poorer overall survival. With the contradictory outcomes of these two trials, the role
of clodronate in the adjuvant setting in high-risk breast cancer remains unresolved.
Hopefully, the results will be clarified in an ongoing, much larger NSABP—sponsored
trial in this patient population.

With the availability of more potent bisphosphonates, it is apparent that much work
remains to be done in the area of prevention of skeletal metastasis, not only in breast
cancer but also other malignancies. A potential role for zoledronic acid in men with
prostate cancer showing elevated PSA levels and undergoing androgen deprivation with-
out overt bone metastasis has been addressed in a randomized trial (primary end point
being bone-metastasis-free survival). This trial has since been closed prematurely for a
variety of reasons, including issues related to zoledronic acid dosing as well as lower than
expected event rates. This underscores the importance of carefully defining the appropri-
ate risk groups and end points in prevention trials.

5.2. Osteoporosis in Cancer

Osteoporosis is being recognized as an increasingly significant problem in patients
with cancer, particularly breast and prostate cancer, predisposing them to increased risk
of fractures. In premenopausal women with breast cancer, purposeful suppression of
ovarian function as part of endocrine therapy, or ovarian dysfunction as a result of
systemic chemotherapy, can lead to a decrease in bone mineral density (BMD) and
increased risk of osteoporosis. Tamoxifen can also decrease BMD in premenopausal
women and can actually increase bone density in postmenopausal women. In postmeno-
pausal women, the basal loss in bone density can be aggravated with use of aromatase
inhibitors that further decrease any residual estrogens. Both oral clodronate and
risedronate have been shown to decrease the chemotherapy-induced loss in BMD in
women with breast cancer (1/05,106). Several doses and schedules of zoledronic acid
have been evaluated in a study of postmenopausal women with low BMD (7/07). Even
with once-a-year dosing, zoledronic acid (4 mg intravenous) was found to increase BMD
to levels seen with daily oral bisphosphonate therapy. Potentially, this study provides
background data for designing osteoporosis prevention/treatment trials with zoledronic
acid in cancer patients.

Significant losses in bone density occur in men with prostate cancer undergoing an-
drogen deprivation. Although oral alendronate has shown efficacy in treating men with
osteoporosis from a variety of causes, it has yet to be tested in prostate cancer patients
(108). On the other hand, the effects of intravenous pamidronate have been determined
in men with prostate cancer and established bone metastasis, as well as in men with
locally advanced/recurrent prostate cancer but without bone metastasis (109,110). In the
former trial, men had to be on androgen deprivation for at least 6 mo prior to trial entry,
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whereas in the latter study, men were assigned prospectively to androgen deprivation
pamidronate. In the former trial, BMD increased when patients received pamidronate and
decreased when on placebo (109). The latter trial demonstrated that pamidronate admin-
istered at the start of androgen deprivation therapy, and given periodically thereafter
(every 3 mo), can prevent androgen-deprivation—induced osteoporosis (//0). In a more
recent trial in men with MO prostate cancer starting androgen-deprivation therapy,
zoledronic acid (4 mg intravenous every 3 mo for 1 yr) was compared to placebo (/11).
The primary end point of the trial was percentage change in BMD from baseline to the
end of study at 1 yr. This study demonstrated that zoledronic acid actually increased BMD
during androgen ablation. Although pamidronate and zoledronic acid have not been
compared directly, data from the last trial would suggest that zoledronic acid is more
effective in that it not only prevents but also increases BMD in the setting of concurrent
androgen ablation.

6. CONCLUSIONS

Anincreasingly greater role for bisphosphonates is being defined in the overall man-
agement of patients with advanced cancers. Bisphosphonates are part of the standard
therapies used to treat malignancy-associated hypercalcemia. In patients with bone
lesions from solid tumors and multiple myeloma, bisphosphonates have become an
important adjunct to systemic therapies for treating these malignancies. Randomized
trials have demonstrated that this class of compounds can decrease complications, termed
SREs, and pain from bone metastases. Recently, more potent bisphosphonate deriva-
tives have been developed and tested. Although recent studies have expanded the use of
the most potent bisphosphonates (zoledronic acid) to all solid tumors, their clinical
effects are modest. It could be that therapeutic limits have been reached with these
compounds. With greater understanding of the pathophysiologic mechanisms underly-
ing bone metastasis, additional targets for treatment are being identified. Conceivably,
agents such as anti-PTHrP antibodies, recombinant osteoprotegerin (OPG), MMP, and
angiogenesis inhibitors aimed at modifying these additional targets can be integrated
with the bisphosphonates for greater clinical benefit in patients with bone metastases.
Integrating radiopharmaceuticals with bisphosphonates in the appropriate clinical set-
ting needs to be explored. Further optimization of bisphosphonate use and prediction of
treatment outcome, based on their effects on bone-resorption and bone-formation mark-
ers, also requires additional study. As more data are obtained from ongoing and future
studies, a greater role for bisphosphonates might be established, such as in prevention
of bone metastasis and iatrogenically induced osteoporosis.
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1. INTRODUCTION

Radiation is used to treat cancer with ionizing radiation resulting in damage to cellular
DNA. Whenradiation passes through aliving cell, it can damage the reproductive material
in the cell directly and indirectly. Direct damage includes base deletions and single- and
double-strand breaks in the DNA chain. Indirect damage occurs when radiation interacts
with water molecules in the cell, releasing toxic free radicals. Repair of the damage is
possible both in normal cells and cancer cells, although it is thought that cancer cells have
less capacity to repair damaged DNA and, hence, a therapeutic ratio can be exploited.

The radiation dose is measured in Gray (Gy), which is 1 joule of absorbed energy per
kilogram of mass. Another unit used to describe radiation dose is centigray (cGy), which
is equivalent to 0.01 Gy. When radiation is given with a palliative intent, the most
common treatment schema, or dose-fractionation schedules, are an 8 Gy as a single
treatment, 20 Gy in five daily treatments (4 Gy per treatment), and 30 Gy in 10 daily
treatments (3 Gy per treatment).
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Radiation can be delivered by an external beam of radiation directed at the site of
interest, by brachytherapy, in which a radioactive source is applied into or around the
tumor site, or in the form of radionuclide given intravenously as an inorganic soluble
compound.

External beam radiation is generated from a machine called a linear accelerator or a
cobalt machine. The linear accelerator generates high-energy X-ray or electron beams,
whereas the cobalt machine utilizes a radioactive element (Co-60) that generates high-
energy Yy-rays through radioactive decay. X-rays and y-rays are used to treat tumors
located deep in the body, whereas electron beam radiation treats superficial cancers.

For superficial lesions that are visible or palpable, the area to be radiated can be easily
delineated on clinical examination. Deep-seated tumors will require radiographic local-
ization using a treatment simulator. The conventional simulator is a specialized fluoro-
scopic unit completely identical to a therapy machine in its geometric specifications and
movements. The difference is the former emits a diagnostic X-ray beam, producing an
image of the proposed therapy beam. Modern radiographic visualization and localization
of deep-seated tumors can be achieved with computer-tomography-based simulator (i.e.,
CT simulation).

In brachytherapy, radioactive sources can be permanently implanted in a tumor or
placed temporarily near the tumor location. Permanently implanted radiation sources are
used, for example, to treat prostate cancer. The radiation source gradually decays until
no further radiation is emitted. Radioactive sources that are placed in a catheter are
temporarily adjacent to the lung cancer, blocking the bronchus for a prescribed amount
of time to deliver a specific radiation dose. The radiation dose in brachytherapy is
extremely localized because of the inverse square law (radiation dose proportional to
1/d?). The radiation dose drops off rapidly as the distance from radiation source increases.
Because radiation is well localized, brachytherapy can be used to reirradiate tissues that
have been previously irradiated and treatment side effects with brachytherapy are usually
limited.

The inorganic forms of radionuclides (radioactive isotopes) have affinity to bone and
thyroid gland. They can be injected into the bloodstream. Although acting as a systemic
agent, the effects of radiation are localized to the site of deposition, and little radiation
is administered to adjacent tissues. Radionuclides, like brachytherapy, are ideal in cases
of retreatment of previously irradiated areas and are effective in alleviating pain from
multiple sites of bone metastases.

2. CLINICAL TRIALS ON LOCALIZED EXTERNAL BEAM RADIATION

About 50% of cancer patients will receive palliative radiation therapy during the
course of their disease. Palliation of bone metastases comprises a significant workload
in the specialty of radiation oncology. Radiation therapy has been long employed in the
management of bone metastases. Radiotherapy is effective in relieving bone pain, pre-
venting impending fractures, and promoting healing in pathological fractures. Stabiliza-
tion of bony destruction occurs in 80% and reossification takes place in varying degrees
after radiotherapy.

External beam radiation therapy is effective and cost-efficient in palliation of symp-
tomatic bone metastases. Retrospective series have documented pain improvement in
80-90% of patients with bone metastases treated with radiotherapy of various dose
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fractionations. Hematological or gastrointestinal side effects were usually mild and
transient.

Numerous randomized trials have been conducted on dose-fractionation schedules of
palliative radiotherapy. Despite that, there is still no uniform consensus on the optimal
dose-fractionation scheme. One of the first randomized studies on bone metastases was
conducted by the Radiation Therapy Oncology Group (RTOG 74-02) (/). Ninety per-
cent of patients experienced some relief of pain and 54% achieved eventual complete
pain relief. The initial analysis of this trial concluded that the low-dose, short-course
schedules were as effective as the high-dose, protracted programs. However, this study
was criticized for using physician-based pain assessment. A reanalysis of the same set
of data, grouping solitary and multiple bone metastases, using the end point of pain relief
and taking into account analgesic intake and retreatment, concluded that the number of
radiation fractions was statistically significant related to complete combined relief (i.e.,
absence of pain and cessation of the use of narcotics). The conclusion was that protracted
dose-fractionation schedules were most effective than short-course schedules (2). This
re-analysis was contrary to the initial report, highlighting that the choice of end points
is very important in defining the outcomes of clinical trials (3).

Several prospective randomized trials that compared the efficacy of different dose-
fractionation schedules were subsequently performed. The UK Bone Pain Trial Working
Party randomized 765 patients with bone metastases to receive either a 8-Gy single
fraction or a multifraction regimen (20 Gy/5 fractions or 30 Gy/10 fractions) (4). There
were no differences in the time to first improvement in pain, time to complete pain relief,
orintime to firstincrease in pain at any time up to 12 mo from randomization. Retreatment
was twice as common after 8 Gy than after multifraction radiotherapy. There were no
significant differences in the incidence of nausea, vomiting, spinal cord compression, or
pathological fracture between the two groups. The authors concluded that a single frac-
tion of 8 Gy is as safe and effective as a multifraction regimen for the palliation of
metastatic bone pain for at least 12 mo. The greater convenience and lower cost make
8 Gy single fraction the treatment of choice for the majority of patients.

The Dutch Bone Metastases Study included 1171 patients and found no difference in
pain relief or the quality of life following a single 8-Gy or 24-Gy dose in six daily
radiation treatments (5). However, the retreatment rates were 25% in the single 8-Gy arm
and 7% in the multiple-treatment arm, respectively. More pathological fractures were
observed in the single-fraction group, but the absolute percentage was low. In their cost—
utility analysis of this randomized trial, there was no difference in life expectancy or
quality-adjusted life expectancy. The estimated cost of radiotherapy, including
retreatments and nonmedical costs, was statistically significantly lower for the single-
fraction schedule than for the multiple-fraction schedule. Single-fraction radiotherapy
provides equal palliation and quality of life and has lower medical and societal costs in
The Netherlands (6).

One critical review on the subject of radiation dose-fractionation included a systematic
search for randomized trials of localized radiotherapy of bone metastases employing
different dose fractionations (7). The primary outcomes of interest were complete and
overall painrelief. The authors suggested that protracted fractionated radiotherapy, given
over 2-4 wk, results in more complete and durable pain relief. It was unclear if higher
radiation doses would be called for to maintain durable pain relief in patients who sur-
vived longer.



326 Part II / Therapeutic Strategies

A recent meta-analysis has a different conclusion (8). There was no significant differ-
ence in complete and overall pain relief between single-fraction and multifraction pallia-
tive radiotherapy for bone metastases. There was no dose-response relationship that
could be detected by including data from trials that evaluated several different radiation
schedules. The meta-analysis reported that the complete response rates (absence of pain
after radiotherapy) were 33.4% and 32.3% after single-fraction and multifraction radia-
tion treatment, respectively, whereas the overall response rates were 62.1% and 58.7%,
respectively. The latter became 72.7% and 72.5%, respectively, when the analysis was
restricted to evaluated patients solely. Most patients will experience pain relief in the first
2-4 wk after radiotherapy, be it single or multiple fractionations.

In view of the differing conclusions from the previous trial, RTOG has repeated a
phase IIl randomized trial of 8 Gy in 1 fraction versus 30 Gy in 10 fractions for palliation
of painful bone metastases from breast or prostate cancers (9). A total of 949 patients were
enrolled in the study, of whom 897 were eligible and analyzable. Complete or partial
improvement in pain was seen in 66% of patients. Pain and narcotic relief was equivalent
for both arms. At 3 mo follow-up, there was no difference between the two treatment
arms. Again, the treatment was well tolerated with few adverse effects.

What should be an optimal dose for single-fraction treatment then? A prospective
randomized trial on 270 patients with painful bone metastases compared 4-Gy and 8-Gy
single doses inits efficacy (10). At4 wk, the actual response rates were 69% for 8 Gy and
44% for 4 Gy (p <0.001), but there was no difference in complete response (no pain) rates
at 4 wk or duration of response between the two arms. It is concluded that 8 Gy gives a
higher probability of pain relief than 4 Gy, but that 4 Gy can be an effective alternative
in situations of reduced tolerance. Another randomized trial of three single-dose radiation
therapy regimens in the treatment of metastatic bone pain consisted of a single 4-Gy,
6-Gy, or 8-Gy dose (/1). The authors confirmed that 8 Gy could be considered as prob-
ably “lowest” optimal single-fraction radiation treatment for painful bone metastases,
although single-fraction 4 Gy should not be easily discarded because of its applicability
in specific cases. In their study, single-fraction 6 Gy achieved results not different from
that obtained with 8 Gy, they recommend further studies to define the “lowest” optimal
single-fraction radiation in the treatment of painful bone metastases.

Despite the equivalence of single and multiple fractionations, recent surveys on the
patterns of practice of radiation oncologists do not suggest the implementation of
employing single fractionation in daily practice (12—14).

How, then, are radiation oncologists to prescribe treatment? The answer most likely
resides within the clinical circumstances and individual wishes of each patient. There is no
doubt that in patients with short life expectancy, protracted schedules are a burden. How-
ever, in patients with a longer expected survival, such as breast and prostate cancer patients
with bone metastases only, other parameters need to be taken into account. Because
retreatment rates are known to be higher following single vs multiple fractions, about 25%
vs 10%, respectively, patients with good performance status might wish to share decision-
making process. A recent survey of patients with bone metastases has suggested that
patients are not prepared to trade off long-term outcomes in favor of a shorter treatment
course. Durability of pain relief was more important than short-term “convenience” fac-
tors. Patients prefer multiple treatments upfront in hopes of avoiding retreatment (15, 16).
However, they need to be aware of the potential physician bias of more readiness to retreat
after single fraction, accounting for the difference in retreatment rates in the trials.
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3. CLINICAL TRIALS ON WIDE-FIELD
OR HALF-BODY EXTERNAL BEAM RADIATION

Wide-field or half-body irradiation (HBI) differs from localized external beam radia-
tion mainly in the volume of tissues and bone metastases covered as a single-treatment
field. It is more useful for patients with multiple painful bone metastases. HBI is usually
delivered either to the upper half or to the lower half of the body.

Single-fraction HBI has been shown in retrospective and prospective phase I and II
studies to provide pain relief in 70 to 80% of patients (/7-20). Pain relief is apparent
within 24-48 h (20,21), suggesting that cells of the inflammatory response pathway
might be the initial target tissue, because tumor cell activities are unlikely to be halted so
quickly. Toxicities include minor bone marrow suppression and gastrointestinal side
effects such as nausea and vomiting in upper-abdominal radiation and might be con-
trolled with Ondansetron or dexamethasone (2/-23). Pulmonary toxicity is minimal,
provided the lung dose is limited to 6 Gy (24).

Fractionated HBI was investigated in a randomized phase II study involving 29
patients, comparing a single fraction with fractionated HBI (25-30 Gy in 9-10 fractions).
Pain relief was achieved in over 94% of patients. At 1 yr, 70% in the fractionated and 15%
in the single-fraction group had pain control, and repeat radiation was required in 71%
and 13% for the single-dose and fractionated group (25). Poulter and colleagues reported
results of a randomized trial of 499 patients comparing local radiation alone vs local
radiation plus a single fraction of HBI. The study documented a lower incidence of new
bone metastases (50% vs 68%) and fewer patients requiring further local radiotherapy at
1 yr after HBI (60% vs 76%) (26).

The choice of dose-fractionation schedule for HBI was explored by Salazar et al. (27)
among 156 randomized patients from 6 countries. Among the three trial arms of 15 Gy
in five fractions over 5 d, 8 Gy in two fractions over 1 d, and 12 Gy in four fractions over
2 d, the 15 Gy/5 fractions/5 d regimen not only provided pain relief as much as the other
regimens but also a longer survival duration in prostate cancer patients. More prostate
cancer patients are planned to be entered into another study to confirm this unexpected
finding.

4. REIRRADIATION

Because effective systemic treatment and better supportive care result in improved
survival, certain subsets of patients with bone metastases have longer life expectancies
than before. Anincreasing number of patients outlive the duration of the benefits of initial
palliative radiotherapy for symptomatic bone metastases, requiring reirradiation of the
previously treated sites. Additionally, some patients fail to respond initially but could
benefit from reirradiation.

Among the radiation trials comparing single- vs multiple-fraction schemes,
reirradiation rates varied from 11% to 42% following single fraction and from 0% to 24 %
following multiple-fraction schedules. There are at least three scenarios of “failure”
where reirradiation might be considered. Response to reirradiation might be different for
each of these scenarios:

1. No pain relief or pain progression after initial radiotherapy.
2. Partial response with initial radiotherapy and the hope to achieve further pain reduction
with more radiotherapy.
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3. Partial or complete response with initial radiotherapy but subsequent recurrence of
pain.

Mithal etal. (28) reported aretrospective analysis of 105 consecutive patients treated
with palliative radiotherapy for painful bone metastases. A total of 280 individual
treatment sites were identified, of which 57 were retreated once and 8 were retreated
twice. The overall response rate to initial treatment was 84 % for pain relief, and at first
retreatment, this was 87%. Seven out of eight (88%) patients retreated a second time
also achieved painrelief. A total of 17/23 (74 %) patients responded (complete response
and partial response) to second radiation that used a number of single-fraction regi-
mens, which was not significantly inferior to 31/34 (91%) obtained with more pro-
tracted regimens. No relationships to radiation dose, primary tumour type, or site was
seen (28).

Jeremic et al. (29) investigated the effectiveness of a single fraction of 4 Gy given for
retreatment of bone metastasis after previous single-fraction radiotherapy. Of 135 patients
retreated, 109 patients were retreated because of pain relapsing and 26 patients were
reirradiated after initial nonresponse. Of the 109 patients who were reirradiated for pain
relapse, 80 (74%) patients responded (complete response [CR] = 31%; partial response
[PR] =42%). Among the 26 patients who initially did not respond, there were 12 (46%)
responses. The authors concluded that the lack of response to the initial single-fraction
radiotherapy should not deter repeat irradiation. Toxicity in their series was low and only
gastrointestinal. Grade 1 or 2 diarrhea (RTOG acute toxicity criteria) was observed in 25/
135 (19%) patients. No acute toxicity > grade 3 was reported. Pathological fractures were
reported in 3/135 (2%) patients and spinal cord compression was reported in 3/135 (2%)
patients in their series (29).

The same group recently reported the efficacy of the second single 4-Gy reirradiation for
painful bone metastases following the previous two single fractions. The overall response
rate of the 25 patients (19 responders and 6 nonresponders to the 2 prior single fractions)
was 80%, with both complete response and partial response being 40%. No acute or late
high-grade toxicity (=3) was observed in their study. No pathological fracture or spinal cord
compression was seen in any of these patients during the follow-up (30).

The Dutch Bone Metastases Study Group recently presented the efficacy of reirradia-
tion of painful bone metastases (3/). For patients not responding to the initial radiation
who were reirradiated, 66% of patients who initially received a single 8 Gy dose (SF)
responded to the retreatment vs 33% of patients who received the initial multifraction
regimens (MF). Retreatment for patients with progression was successful in 70% SF
patients vs 57% MF patients. In general, retreatment was effective in 63% of all retreated
patients.

In summary, available data support the reirradiation of sites of metastatic bone pain
following initial irradiation, particularly where this follows an initial period of response.
There is also limited evidence that a proportion of nonresponders would respond to
reirradiation. However, there remains a small group of patients who appear to be nonre-
sponsive to any amount of palliative radiotherapy. Although the data do support the
clinical practice of reirradiation, the preferred dose fractionation at time of reirradiation
is unknown. A phase Il international randomized trial of single vs multiple fractions for
reirradiation of painful bone metastases is ongoing and will help address the practical
questions facing radiation oncologists when providing palliative radiation services.
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5. SYSTEMIC RADIONUCLIDES

Patients with bone metastases often have diffuse bony disease. Administration of a
systemic radionuclide has the advantage of targeting all bony lesions simultaneously
and can be given as a single administration on an outpatient basis. Osteoblastic bone
metastases can be detected by a technetium-99m methylenediphosphonate (MDP) bone
scan. Radionuclides react with bone mineral (hydroxyapatite), and the pattern of uptake
mirrors that seen on the bone scan. Strontium-89 and samarium-153 are the agents most
commonly utilized in clinical practice. Phosphorus-32, rhenium-186, tin-117m have
alsobeenused (32). These radionuclides emit B-particles with a mean range between 0.2
and 3 mm, thereby minimizing toxicity to surrounding tissue. Retention in the areas of
bone metastases is greater than in the normal bone marrow, with a tumor-to-marrow
ratio of 10:1. The average time to clinical response is 7-14 d, with a median duration of
action of 18 wk. Retreatment is possible, with an interval of 10-12 wk for strontium-89
and 6-10 wk for samarium-153, although a nonresponder is unlikely to respond to
subsequent administration (33). The mechanism of pain reduction is unclear but might
include radiation-induced apoptosis of lymphocyte-secreting cytokines and direct cell
kill and reduction of mass effect (32).

Treatment-related toxicity consists mainly of reversible myelosuppression, especially
thrombocytopenia. The nadir is 4-6 wk after injection, recovery completed by 6—10 wk,
with severity related to disease burden. Bone marrow toxicity is, therefore, of concern
with the use of systemic chemotherapy. A small percentage of patients (10-20%) may
experience a pain flare shortly after administration. Contraindications to the use of radio-
nuclides include poor performance status, <2 mo projected survival, extensive soft tissue
metastases, platelet count <60 x 10%/L, recent rapid fall in platelet count even if >60 x 10”/L,
white count <2.5 x 10%/L, disseminated intravascular coagulation, within 1 mo of
myelosuppressive chemotherapy, and within 2 mo of hemibody radiotherapy. Impending
or actual pathologic fracture and cord compression are also contraindications foruse (33).

The evidence for use of radionuclides has been reported in several phase II and III
trials. Overall pain-reduction rates for the various radionuclides are comparable and
similar to localized and hemibody external beam radiotherapy, with an overall response
rate of 80% and complete response rate of 20% (33). The “Trans Canada” study reported
on 126 patients with metastatic prostate cancer randomized to strontium-89 or placebo
in addition to external beam radiotherapy (34). Patients receiving strontium showed
a significant improvement at 3 mo in analgesic use and an improved quality of life.
Reduced lifetime requirements for radiotherapy and reduction in development of new
painful bone metastases were seen. Hematologic toxicity was acceptable. A lifetime
management cost savings of $5800 in the group receiving strontium-89 was found (35).
A second multicenter trial in prostate cancer patients compared strontium-89 with either
local-field or wide-field radiotherapy and found no significant difference in analgesic
efficacy, with a significant increase in time for further radiotherapy and development of
new pain sites (36). Samarium-153 is also licensed for use in the United States and has
shown similar efficacy to strontium although no head-to-head comparative trials have
been performed. Patients with a variety of primary malignancies had an 85% pain response
rate, with breast cancer patients achieving the best palliation (37,38).

Radionuclides offer amethod of delivering localized radiation to osteoblastic metasta-
sis with response rates similar to external beam radiotherapy. Advantages lie in the ability
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to treat all metastatic lesions simultaneously with a single injection administered on an
outpatient basis. A reduction in the management costs has been found. Myelosuppression
is the major toxicity and might limit the use of radionuclides in patients managed with
systemic chemotherapy.

6. MECHANISMS OF ACTIONS OF RADIOTHERAPY

Palliative radiotherapy is well established for the treatment of symptomatic bone
metastases. Exact mechanism of its action is still uncertain, although tumor cell kill might
be an important reason. However, the absence of a dose—response relationship, rapid
responses, and poor correlation of symptomatic relief with radiosensitivity suggest that
an effect on host mechanisms of pain could also be important.

Markers of bone remodeling have been shown to be suppressed by antiresorptive
therapy, and the response of these bone markers has been applied to monitoring therapy
for bone metastases. In the recent UK Bone Pain Radiotherapy Trial (4), 22 patients were
entered into a supplementary study to establish the effects of local radiotherapy for
metastatic bone pain on markers of osteoclast activity, particularly the pyridinium
crosslinks pyridinoline and deoxypyridinoline, the latter being specific for bone turn-
over. Urine samples were collected before and 1 mo after radiotherapy. Patients were
treated with either a single 8-Gy or 20-Gy dose in five daily fractions. Pain response was
scored with validated pain charts completed by patients.

Urinary pyridinium concentrations were correlated with pain response. In patients
who did not respond to palliative radiation (nonresponders), baseline concentrations of
both pyridinoline and deoxypyridinoline were higher than those who responded
(responders) and rose further after treatment, whereas in responders, the mean values
remained unchanged. This resulted in significant differences between responders and
nonresponders for both indices after treatment (p = 0.027). The authors conclude that
radiotherapy-mediated inhibition of bone resorption and, thus, osteoclastic activity could
be a predictor for pain response. They also propose that tumor cell killing reduces the
production of osteoclast-activating factors, or there is a direct effect on osteoclasts within
the radiation volume, distinct from tumor shrinkage. Their study supports the results from
randomized trials that high-dose radiotherapy is not necessary for pain relief and that
single low doses of treatment are more than adequate for most patients (39).

7. CONTROLLING SIDE EFFECTS OF TREATMENT

Radiation treatment planning is the most critical aspect of reducing radiation side
effects. Management of the acute effects of radiotherapy requires attentive medical
management that prevents the expected side effect. Radiation side effects are specific to
the area treated. No side effects are anticipated when a femoral bone metastasis is treated
by radiation. Careful radiation treatment planning that avoids critical structures like
mucosal surfaces can prevent most side effects.

Patients should be reassured that the unavoidable side effects that they experience will
resolve following the completion of radiotherapy. Skin reactions are usually minimal
during radiotherapy for bone metastases and are limited only to the radiation portal.
Nausea and vomiting, resulting from a radiation portal that includes the abdomen, will
usually respond to antiemetic therapy, but Ondansetron or dexamethasone also is com-
monly used, especially if patients have recently received emetogenic chemotherapy.
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Diarrhea, resulting from abdominopelvic radiation, will respond to antidiarrhea medica-
tions such as Loperamide. Local irritation from mucositis of the oropharyngeal region
might be relieved by soluble aspirin, analgesics, or benzydamine mouthwashes. Second-
ary infections, like candida, should be treated.

The side effects of electron beam radiation are more limited because they only treat
superficial structures like the ribs, skin lesions, and superficial lymph nodes. Underlying
structures are spared with the selection of the proper electron beam energy. This charac-
teristic is especially important with reirradiation to avoid injury to critical structures like
the spinal cord. The most prominent side effect of electron beam radiation is an erythema-
tous skin reaction. Other side effects listed earlier do not occur with electron beam
radiation because the radiation beam does not penetrate to these structures.

No side effects, other than a possible flare of pain in the first 2 wk after administration,
are observed with systemic radioisotope therapy because all of the radiation is localized
to the bone. This is a significant consideration for patients who have significant symp-
toms of the disease or other treatments. Side effects from external beam radiation also are
more severe when the radiation fields are large because more normal tissues are treated.
Systemic radioisotopes can have significant advantage over large external beam radia-
tion fields by reducing risk for side effects like nausea and diarrhea.

8. PATHOLOGICAL AND IMPENDING FRACTURES

Pathological fractures are handled with orthopedic stabilization whenever possible. Sur-
gery rapidly controls pain and returns that patient to mobility. Elective orthopedic stabilization
has reportedly resulted in good pain relief and sustained mobility in up to 90% of patients.
Early identification of patients with a high risk of fracture is especially important. A fracture
of the weight-bearing long bones can be a devastating event even in a healthy person. Prophy-
lactic orthopedic fixation is often advised to avoid the trauma of a pathological fracture. The
operative procedure has fewer complications and less impact on functional outcome.

The criteria often used to determine fracture risk in long bones include the following:

* Persistent or increasing local pain despite radiotherapy, particularly when aggravated by
functional loading

* A solitary, well-defined lytic lesion greater than 2.5 cm

* Asolitary, well-defined lesion circumferentially involving more than 50% of the cortical bone

* Metastatic involvement of the proximal femur associated with a fracture of the lesser
trochanter

In the randomized Dutch Bone Metastasis Study on the palliative effect of a single
fraction of 8 Gy vs six fractions of 4 Gy on painful bone metastases, 14 fractures occurred
in 102 patients with femoral metastases. The authors analyzed the pretreatment radio-
graphs of femoral metastases and concluded that fracturing of the femur primarily
depended on the amount of axial cortical involvement of the metastases. They recom-
mended treating femoral metastases with an axial cortical involvement of 30 mm or less
with a single fraction of 8 Gy for relief of pain. If the axial cortical involvement is greater
than 30 mm, prophylactic surgery should be considered to minimize the risk of pathologi-
cal fracturing or, if the patient’s condition is limited, irradiation to a higher total dose (40).

Although radiotherapy provides pain relief and tumor control, it does not restore
bone stability. Postoperative radiotherapy is usually recommended after surgical sta-
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bilization of a pathologic fracture. Patients who are without visceral metastases and
who have a relatively long survival (e.g., > 3 mo) are more likely to benefit from
postoperative radiotherapy. Because the entire bone is at risk for microscopic involve-
ment and the procedure involved in rod placement might seed the bone at other sites,
the length of the entire rod used for bone stabilization should be included in the radia-
tion field. When the radiation fields are more limited, instability of the rod, resulting
in pain and need for reoperation, can result from recurrent osteolytic metastases outside
the radiation portal.

9. SPINAL CORD COMPRESSION

Spinal cord compression (SCC) involves compression of the dural sac and contents
(spinal cord and/or cauda equina) by an extradural tumor mass (4/). A recent population-
based study in Ontario found that in the 5 yr preceding death, 2.5% of all cancer patients
had at least one hospital admission for SCC, ranging from 0.2% in pancreatic cancer to
7.9% in myeloma (42). At presentation, 90% of patients had back pain, 50% were unable
to walk, and 10-15% had paraplegia (43). The strongest prognostic factor for overall
survival and ambulation posttreatment is pretreatment neurological status (44). If left
untreated, progressive pain, motor, and sensory loss, and sphincter dysfunction result. To
minimize treatment delays, once SCC is clinically suspected, an urgent whole-spine
magnetic resonance imaging (MRI) scan needs to be performed. The benefits of MRI vs
myelography include being noninvasive, imaging the entire length of the spinal column
to identify possible compression at multiple levels, multiplanar imaging, high-contrast
signal among cord, cerebral spinal fluid, and tumor, and identifying spinal instability or
bone retroplusion and paraspinal masses. Disadvantages for the patient include claustro-
phobia and the length of time to acquire images (41).

Management of SCC consists of corticosteriods, surgery, and/or radiotherapy.
Corticosteriods are routinely used to decrease peritumoral edema. One randomized trial
of 57 patients showed a significant improvement in ambulation after radiotherapy with
high-dose steroids vs placebo; however, this use of steroids was associated with an
increase in serious toxicity (45). Given the lack of evidence for the use of high-dose over
moderate-dose steroids, many physicians dose empirically with 4 mg qid decadron (43).
The choice between surgery and radiotherapy should be individualized, taking into con-
sideration the patient’s general performance status, medical comorbidities, neurological
function, and patient preference. If surgically feasible and medically acceptable, patients
with spinal instability or bone compression are better treated surgically, as neurological
outcomes are thought to be improved (44). Radiotherapy is given post-operatively to
impede tumor regrowth. Other indications for surgery might include neurological dete-
rioration during or after radiotherapy and the absence of a tissue diagnosis. A recent
randomized trial, presented in abstract form, compared decompressive surgery followed
by radiotherapy to radiotherapy alone (46). The trial accrued 101 patients before meeting
early stopping criteria because of surgical patients being more likely to retain/maintain
ambulatory status compared to patients in the radiotherapy-alone arm. They found that
58% (9/16) of nonambulatory patients in the surgery arm retained the ability to walk after
treatment, compared to 19% (3/16) in the radiotherapy-alone arm. However, 35% of
patients in the radiotherapy arm had spinal instability, usually considered an indication
for primary surgical management.
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Neurological status after treatment is dictated by pretreatment function. A pooled
analysis found that after radiotherapy, 95% of patients ambulatory pretreatment retained
ambulation, compared with 63% of patients requiring ambulation assistance, 36% of
paraparetic patients, and 13% of paraplegic patients (4/). There are no randomized con-
trolled trials investigating the optimal radiotherapy regime. A recentretrospective review
of 102 patients found no difference in motor and sphincter function or pain control for
patients treated with one or two fractions vs a longer fractionation schedule (47). Early
detection and prompt treatment of SCC remains vital to preserve neurological outcomes.
Future research efforts might examine the use of neuroprotectants and prophylactic
spinal radiotherapy.

10. FUTURE DIRECTIONS

Clinical experience supports the continuing role of radiation as an independent
modality able to offer palliation (pain relief and treatment of bone complications) and
disease modification (prevention of new pain), depending on the volume of radiation
given. Localized external beam treatment is well tolerated with little known impact on
bone marrow functions, but its is unlikely to have clinically meaningful impact on the
overall disease process. Wide-field, hemibody irradiation and intravenous radionu-
clide treatments offer benefits in a systemic level beyond that of localized radiation, but
they have greater short- and long-term morbidity, particularly interference on bone
marrow functions in the setting of regular administration of palliative chemotherapy.
Novel local physical treatment modalities involving image-guided injection of poly-
methylmethacralate (percutaneous vertebroplasty) (48) and percutaneous radio-fre-
quency ablation (49) are new treatment options that show promising results in selected
patients. Their role as local palliative therapy for bone metastases awaits confirmation
by other investigators.

With advances in chemotherapeutics and new, potent bisphosphonates having dif-
ferent molecular and tissue targets, and therefore different toxicities, new combina-
tions or sequencing of modalities might be explored for additive and/or synergistic
effects to improve clinical outcomes. Kouloulias et al. recently demonstrated excellent
radiographic results of lytic bone lesions treated with palliative radiotherapy followed
by 24 mo of intravenous pamidronate in breast cancer patients (50). Wong et al. con-
ducted a randomized study of radiation alone vs radiation + pamidronate in breast
cancer patients (51). Although no difference in overall pain response was observed,
patients receiving both radiotherapy and pamidronate experienced significantly less
pain flare in the first week of treatment than those receiving radiation alone. For meta-
static prostate cancer, Scuito et al. reported improved pain response in a small random-
ized trial comparing strontium-89 alone against strontium-89 with low-dose concurrent
cisplatin (52). Hamdy et al. on the other hand, proposed combining radionucludes such
as strontium-89 with bisphosphonates to alter the disease course of hormone refractory
metastatic prostate cancer (53,54). However, no clinical evidence is yet available for
this postulate.

These examples illustrate an exciting time of clinical research into disease modifica-
tion and symptom palliation in patients with advanced metastatic cancers. Collaboration
among investigators of various clinical disciplines and basic sciences will hopefully
translate into measurable and meaningful improvements in clinical outcomes.
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