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Abstract

Breast cancer bone metastasis develops as the result of a series of complex interactions between
tumor cells, bone marrow cells, and resident bone cells. The net effect of these interactions are the
disruption of normal bone homeostasis, often with significantly increased osteoclast and osteoblast
activity, which has provided a rational target for controlling tumor progression, with little or no
emphasis on tumor eradication. Indeed, the clinical course of metastatic breast cancer is relatively
long, with patients likely to experience sequential skeletal-related events (SRESs), often over
lengthy periods of time, even up to decades. These SREs include bone pain, fractures, and spinal
cord compression, all of which may profoundly impair a patient’s quality-of-life. Our
understanding of the contributions of the host bone and bone marrow cells to the control of tumor
progression has grown over the years, yet the focus of virtually all available treatments remains on
the control of resident bone cells, primarily osteoclasts. In this perspective, our focus is to move
away from the current emphasis on the control of bone cells and focus our attention on the
hallmarks of bone metastatic tumor cells and how these differ from primary tumor cells and
normal host cells. In our opinion, there remains a largely unmet medical need to develop and
utilize therapies that impede metastatic tumor cells while sparing normal host bone and bone
marrow cells. This perspective examines the impact of metastatic tumor cells on the bone
microenvironment and proposes potential new directions for uncovering the important
mechanisms driving metastatic progression in bone based on the hallmarks of bone metastasis.
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Introduction

The skeleton is a multi-functional tissue responsible for a variety of processes that are
fundamental to life. These include support, strength, and mobility of the overall organism,
protection of the internal organs, as well as the maintenance of calcium and phosphate
homeostasis [1]. The dynamic nature of bone is the consequence of its constant remodeling
of old or damaged bone by osteoclasts of the hematopoietic macrophage/monocyte lineage,
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followed by the formation of new mineralized bone matrix by osteoblasts of the
mesenchymal lineage. Moreover, bone is an endocrine organ, whose cells are capable of
regulating (and being regulated by) the central nervous system, energy and glucose
metabolism, and gonadal function [2].

Bone-forming osteoblasts and bone-resorbing osteoclasts (and their precursors) reside in the
bone marrow compartment throughout their maturation. In addition, these host bone cells
along with other immune cells of the hematopoietic lineage are in close proximity within the
bone marrow, where stem cell niches and microenvironments are established [3-5]. Indeed,
the histology of the tumor-bone interface in both humans and mouse models of tumor bone
colonization reveals much about the cellular content and context of the bone marrow in the
presence of metastatic tumor cells (Fig. 1), including our ability to replicate different
features of human bone metastatic disease in vivo. The mechanics of these niches in the
bone marrow drives a significant interdependence between hematopoietic stem cell
differentiation and mesenchymal progenitor cells [6, 7] and the coupling of bone resorption
with bone formation [8].

In the context of breast cancer bone metastasis, the bone marrow compartment provides not
only a receptive growth factor-enriched environment but also favorable niches in which
circulating/disseminated tumor cells can survive [8]. Following arrival in the bone marrow,
tumor cells proliferate and interact with mesenchymal and hematopoietic progenitors at
multiple stages of differentiation [9]. These interactions provide important signals for both
tumor cells and host bone and bone marrow cells during tumor colonization of bone [4, 8],
frequently (and often incorrectly) referred to as the “vicious-cycle” [10]. This term was
originally associated with the underlying action of parathyroid hormone-related protein
(PTHrP), a well-known regulator of tumor-associated bone destruction [10, 11] as well as
the hypercalcemia of many cancer types [12]. It has been expanded to now include almost
every tumor-derived factor implicated in breast cancer osteolysis. Interestingly, in many
ways, the idea of a single responsible osteolytic agent has impeded progression towards a
better understanding of the development of bone metastasis and has sustained the focus of
potential treatments on managing the osteoclast, and not necessarily the tumor. The future of
effective therapy (and perhaps cure) likely resides in the increased understanding of the
common traits of bone metastatic breast cancer cells. Here we revisit the hallmarks of cancer
[13, 14] and define the hallmarks of breast cancer bone metastasis; extravasation, disruption
of bone homeostasis, secretion of osteolytic growth factors and others, engagement in bone
niches, interactions with the host bone marrow microenvironment, and responses to the
physical environment (Fig. 2), all culminating to promote breast cancer cell survival in the
bone marrow, while highlighting some considerations for the future directions of the field.

Hallmarks of Breast Cancer Bone Metastasis

Survival in the Bone Marrow

The growth of disseminated tumor cells in subsequent metastatic locations is the primary
cause of mortality for all cancer patients [15]. Despite being the focus of intense
investigation, the molecular and cellular mechanisms that regulate the metastasis of
disseminated tumor cells still remain largely unknown. Once resident in the bone marrow
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microenvironment, a select minority of metastatic tumor cells coordinate an extensive and
complex series of molecular events that culminate in the colonization of the skeleton. The
features that facilitate the survival of the arriving metastatic cells in the bone marrow allow
for eventual manifestation as bone metastasis.

One of these features is the adoption of a quiescent phenotype, in which the tumor cells may
enter a prolonged dormant or latent phase, eventually recurring as a clinically detectable
metastasis [16]. What then defines a tumor cell as being dormant? A major impetus to the
dormancy field has been the lack of a standardized definition of a dormant tumor cell. In
general, a non-proliferative (e.g., Ki67 or BrdU negative) disseminated tumor cell that has
not grown into a micrometastasis is often considered dormant [17-21], but there are several
potential models for dormant tumor cell behavior: (1) very slow growing, (2) proliferative,
but dying off at an equal rate, or (3) non-replicative until reactivated by the tumor
microenvironment (e.g., angiogenic switch, immune surveillance) [22]. Importantly, these
models may not be mutually exclusive; a slow-growing tumor cell may eventually be
reactivated by the tumor microenvironment. Further, all of these models may exist
simultaneously in various niches. In the bone marrow, an environment rich in growth factors,
cytokines, and sinusoids/arterioles, any of these models may represent the behavior of a
disseminated breast cancer cell.

There are likely to be many factors that enable meta-static tumor cells to become quiescent
in the bone or any other distant site, but few have been identified [23]. In fact we know
practically nothing about how tumor cells enfera dormant state. It has been suggested that
circulating tumor cells adopt a dormant phenotype as a survival mechanism [24], but this is
inconsistent with their ability to extravasate at a distant metastatic site. If a tumor cell
becomes dormant while in circulation, it would almost certainly require an exit from
dormancy to engage the endothelial niche and extravasate into the bone marrow. It is
therefore reasonable to assume that dormant tumor cells detected in the bone marrow of
patients acquired this dormant phenotype post-extravasation. The ability of the vascular
niche, the first niche that the tumor cell encounters in the bone marrow, to induce a dormant
phenotype is explored at length in the following section.

Of the factors identified that promote tumor cell exit from dormancy in the bone marrow
[25], few ideas have been proposed that fit the patient model of solid tumor recurrence and
survival in the bone marrow. Breast cancer patients that recur with bone metastatic disease
present with bone metastases months to decades following tumor resection and primary/
adjuvant therapy, and the latency period is particularly prolonged in patients with estrogen
receptor (ER)-positive (ER+) disease [26]. This variation in the time to recurrence in
patients may be due to multiple mechanisms of recurrence, or it may be due to the
heterogeneous nature of the bone microenvironment. In a seminal paper from Tomasetti and
Vogelstein [27], it was demonstrated that the lifetime risk of cancer in a particular tissue was
correlated with the number of stem cell divisions for the tissue, suggesting that in addition to
genetics and environmental influences, stochastic DNA replication errors or “bad luck” also
drives tumorigenesis. If we apply this theory to bone metastatic breast cancer cells, is it
possible that tumor cells exit dormancy and colonize the bone because of “bad luck” and
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that this may account for the broad range in patient time-to-relapse? We explore this concept
in a later section.

Extravasation into the Bone Marrow Through the Vasculature/Lymphatics

The dissemination of tumor cells into the bone marrow must be facilitated by the vasculature
and/or lymphatics and it is therefore likely that upon extravasation tumor cells must enter
one of two phases: immediate proliferation and colonization of the bone marrow, or
quiescence. Circulating tumor cells engage with the endothelial niche through adhesion
molecules, chemokine-receptor interactions, and integrins [28], facilitating their entry into
distant tissues. Are there factors secreted or expressed by endothelial cells that induce
quiescence? Thrombospondin-1 produced by endothelial cells has been shown to induce
dormancy in breast cancer cells that extravasate through established vasculature [29]. In
contrast, sprouting neovasculature, which secretes TGFB1 and periostin, promotes breast
cancer cell growth. Thus, it would appear that if tumor cells extravasate through established
vessels they will enter a quiescent state, while if they extravasate through sprouting
neovasculature, they will immediately become proliferative. This is an intriguing idea since
it would suggest that the use of clinical agents such as bevacizumab could be useful as an
adjuvant therapy in early-stage breast cancer patients not to prevent dissemination to the
bone marrow, but rather to prevent the early adoption of a proliferative phenotype upon
dissemination. This would, however, require repurposing of bevacizumab which was
withdrawn by the FDA for the metastatic breast cancer indication in 2011.

Breast cancer cells are capable of disseminating to the bone marrow through either the
vasculature or lymphatics system, although it remains unclear how frequently breast cancer
cells disseminate to the bone marrow through the lymphatics. This has clinical significance
since lymph node involvement is frequently used to inform and direct the course of
treatment in breast cancer patients, despite studies that have shown similar disease-free and
overall survival five and eight years following diagnosis, regardless of the status of the
patient sentinel lymph node or whether they received complete lymph node dissection [30—
32].

VEGF-C, which is produced by many solid tumors including breast, has been identified as a
potent inducer of tumor-associated lymphatics vessel formation in the human MCF7 breast
cancer model [33] which is ER+ and does not induce significant osteolysis in mouse models
of bone colonization [34-36]. A subsequent study examined whether VEGF-C protein
expression in breast carcinoma samples (/7= 51 tumors) was associated with bone marrow
micrometastases found in iliac crest bone marrow aspirates. Among other parameters, no
significant correlation between VEGF-C and the presence of micrometastases was observed
[37]. VEGF-C has also been detected in ~ 45% of patients with osteosarcoma [38], and
although one laboratory has identified several factors that regulate bone homeostasis
including basic fibroblast growth factor (bFGF) [39], adiponectin [40], and leptin [41] as
promoters of VEGF-C production in chondrosarcoma cells, VEGF-C is not correlated with
metastasis [38]. Future studies, particularly in vivo studies that ablate lymphatic vessels in
the bone marrow and examine the frequency of tumor dissemination to the bone marrow,
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may be key in determining whether lymphatic vessels are important for tumor cell
dissemination and colonization of the bone marrow microenvironment.

Response to the Physical Microenvironment

Bone is a densely mineralized tissue with a high rigidity and modulus, making the skeleton
an especially harsh environment for any tumor cell to establish and grow [42]. There is now
ample evidence that breast cancer cells sense the modulus and mechanics of the local
environment both in the primary tumor and at the bone metastatic site through integrin
signaling. Cancer cells alter downstream signaling in response to mechanical changes in the
environment, where increased stiffness of the environment typically promotes tumor
progression [43-45]. Tumor cells seeded onto rigid substrates up-regulate factors that
directly promote osteolysis through downstream osteoclast activation (e.g., via PTHrP). The
expression of genes that further enhance production of osteolytic factors by tumor cells (e.g.,
GL /2, which we have termed “osteolytic drivers”) suggest that the physical modulus of the
bone may fuel tumor-induced bone destruction [46]. This raises several important questions.
First, do the tumor cells sense the stiffness of the bone matrix, or are these
mechanotransduction signals mediated through the bone lining cells? In vitro evidence
strongly supports direct effects of tissue modulus on tumor cell gene expression in bone
metastatic breast and lung cancer cells cultured alone on substrates of varying modulus [46-
48]. It is difficult to test whether tumor cells come into direct contact with the bone matrix in
vivo, but more importantly, must we know? Histological evidence suggests that tumor cells
may come in direct contact with the bone surface at late stages of disease (Fig. 1b), but if
blocking integrin signaling ablates this interaction, it may not be necessary to determine
whether the mechanotransduction signals are mediated through tumor—bone or tumor—bone
lining cell interactions [35, 36]. Second, how does the bone modulus influence the initial
phases of bone colonization and the progression of tumor cells in the bone marrow? One
study showed that MCF7 human breast cancer cells, which home to bone but do not induce
extensive bone destruction [34-36], do not up-regulate expression of osteolytic genes when
they are cultured on stiff substrates. This is in contrast to MDA-MB-231 bone metastatic
cells, which rapidly up-regulate expression of both GL12 and PTHrP [46]. This suggests that
cells that are already aggressive in nature can be further stimulated to promote bone
destruction, but that bone modulus likely does not provide the initial cue that enables a
disseminated tumor cell to induce osteolysis.

In addition to bone modulus, breast cancer cells encounter a variety of other physical stimuli
in the bone microenvironment including a number of cell types from various lineages,
different pH levels [49], and fluctuating oxygen tensions [50]. In general the bone marrow is
considered hypoxic, although oxygen tensions in the marrow fluctuate across the cortices
and trabeculae, and according to some measurements have been reported to range from < 1
to 6% partial oxygen (pO,) [51-53]. The deepest sinusoidal regions of the bone marrow are
predicted to be the most hypoxic, dipping to levels at or below ~ 1% pO, [51]. It has been
observed in mice that breast cancer cells home to the metaphyseal growth plate following
intracardiac inoculation [10, 54], where there is an abundance of growth factors, cytokines,
and most importantly, vasculature upon which the tumor cells presumably disseminate.
Since most oxygen measurements have been derived from either optical measurements in
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mouse calvaria or by mathematical modeling, it is generally assumed, but as yet unproven,
that this region of the growth plate is less hypoxic than the rest of the bone marrow, given
the abundance of vasculature. Given the generally hypoxic environment of the bone marrow,
what is the impact of hypoxia on bone disseminated tumor cells? One potential effect may
be on their exit from dormancy. Leukemia inhibitor factor (LIF) receptor (LIFR) signaling in
breast cancer cells has been shown to maintain a state of dormancy in the bone marrow [35].
Hypoxia down-regulates LIFR promoter activity, mMRNA, and protein levels in human breast
cancer cells; however, this only occurs when breast cancer cells are cultured in ~ 0.5% pO,.
Importantly, we know that breast cancer cells encounter hypoxia in the bone marrow, even
along the vascularized and theoretically less hypoxic growth plate, as indicated by staining
for the hypoxia probe pimonidazole (Fig. 3), but current technologies do not enable
determination of the precise oxygen levels encountered. Pimonidazole is estimated to detect
oxygen levels < 10 mm Hg (approximately 1.3% pO5), but this has not been specifically
testedin bone [55, 56].

Given that breast cancer cells likely disseminate into the bone marrow at the relatively
oxygen-rich metaphyseal growth plate, it is unlikely that they will immediately experience
such low levels of oxygen as to down-regulate LIFR and push these cells out of dormancy.
Over time, however, as patients age and as the bone undergoes remodeling, it is reasonable
to assume that the immediate environment surrounding a tumor cell will evolve. As it does,
changes in the vasculature and cellular makeup may profoundly impact tumor cell
availability to oxygen. We hypothesize that if a tumor cell happens to reside in an anoxic
microenvironment (e.g., surrounding blood vessels die off due to injury or aging or
proximity to a bone-remodeling unit with relatively high cellularity), there may be dips in
oxygen below 0.5% pO, that promote LIFR down-regulation on tumor cells and their
spontaneous exit from dormancy. Thus, the “bad luck” hypothesis proposed by Tomasetti
and Vogelstein [27] of tumor cell evolution in the primary site, independent of stem cell
divisions, seems relevant here. Perhaps the spatial and cellular makeup of the adjacent,
hyper-localized microenvironment surrounding a disseminated tumor cell may in part
contribute to tumor cell exit from dormancy. This model partially accounts for the high
degree of variability in the time to relapse in breast cancer patients who present with bone
metastases after a period of remission, often measured in years. Further in vivo testing of
this hypothesis is obviously required, and requires measurement of the precise levels of
oxygen in real time. Technology that enables determination of the exact oxygen levels in
multiple bone marrow compartments at high resolution will ultimately determine whether
this hypothesis is correct. There are undoubtedly other impacts of the hypoxic
microenvironment on tumor cells disseminated to the bone marrow, such as metabolic
reprogramming [57], which is currently being explored by multiple investigators. Although
the mechanisms remain ill-defined, it is clear that the physical components of the bone
microenvironment (hypoxia, pH, and modulus) uniquely impact tumor cells disseminated
within the skeleton.

Engagement with the Osteoblast/Osteoclast Niche(s)

It is important to recall that the bone destruction resulting from tumor osteolysis as well as
any tumor-induced bone formation is entirely due to tumor-derived stimulation of resident
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bone cells; it is not related to any direct actions of the tumor cells themselves on the skeleton
[8]. Upon dissemination to the bone marrow, it is well established that breast cancer cells
interact with osteoblasts (and other resident cells) to induce osteolysis. These mechanisms
were defined many years ago through the tumor-osteoblast PTHrP/PTHR1 signaling
induction of (receptor activator of nuclear factor-xB ligand) RANKL in osteoblasts and
subsequent osteoclastogenesis [58], but recent advances in imaging as well as detailed
mechanistic analyses have begun to spatially and temporally characterize these interactions.
Once resident in the bone marrow, the localization of tumor cells to the endosteal niche has
been observed using live animal imaging for myeloma cells colonizing the bone marrow
[59]. In this system, dormant myeloma cells are observed in close contact with the osteoblast
niche, suggesting that osteoblasts promote a dormant phenotype in these cells. In contrast,
others have shown that osteoblasts promote E-cadherin breast tumor cell exit from dormancy
in the bone marrow through adherens junctions and N-cadherin expression on osteoblast
lineage cells and that these effects are cell contact dependent [36]. This was functionally
tested and it was shown that when E-cadherin is blocked in breast cancer cells, the
proliferative advantage from osteoblasts is lost. While these two ideas appear to be in
opposition, it is much more likely that this is a complex system and consideration must be
given to the temporal and spatial context in which the tumor cells will encounter the
osteoblast niche. It is possible that osteoblasts may promote dormancy in the earliest stages
of extravasation into the bone marrow due to the expression of a particular factor and
perhaps the absence of E-cadherin, if these cells have recently undergone EMT to progress
through the metastatic cascade [60]. Likewise, it is possible that tumor cells may re-express
E-cadherin by undergoing MET in the bone marrow and this would change the nature of the
osteoblast—tumor cell interaction. The ability to observe tumor cell dissemination to the bone
marrow in real time via intravital imaging has significantly advanced our understanding of
the physical interactions between tumor cells and the bone microenvironment; we are now
tasked with defining the molecular mechanisms that direct these interactions and enable
tumor cells to engage the osteoblast/osteoclast niche [59, 61].

with Marrow-Resident Cells

The interactions between host bone cells and the immune system are only now being
unraveled [62]. The majority of immune cells (B, T, NK, marrow-derived suppressor cells,
macrophages, and neutrophils) as well as immune cytokines are involved to a greater and
lesser extent in modulating or fine tuning bone homeostasis and turnover. Thus, it is not
surprising that following development of a primary tumor, the subsequent establishment and
growth in the bone/bone marrow is associated with major changes that divert immune cells
from attacking to supporting tumor survival and progression [62, 63].

The cellular milieu of the tumor microenvironment is occupied by resident and recruited
macrophages, dendritic cells, T cells, as well as natural killer cells and megakaryocytes [64].
Among these, tumor-associated macrophages [65] and T cells are frequently the prominent
leukocytes present at both the primary and metastatic sites [66, 67]. These cells can exert
profound effects during cancer progression and the net effect of these diverse cellular
activities regulates bone remodeling [67—69]. Yet, the contribution of host immune cells to
the microenvironment of osteolytic bone metastases has only recently begun to receive
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investigative attention. In fact, many previous mechanistic models of metastatic tumor
progression proposed by many investigators have been derived from experiments utilizing
immune compromised animal models. Thus, the more recent and welcome use of immune-
replete and syngeneic animal models of tumor growth have driven greater elucidation of
specific host immune cell contributions to the tumor microenvironment in bone, as well as in
other metastatic sites [61].

Although the processes of bone remodeling (resorption and formation) are performed by
osteoblasts and osteoclasts, the cells that orchestrate this complex process and seem to
coordinate the activities of both osteoclasts and osteoblasts are osteocytes. These
mesenchymal-derived terminally differentiated, bone matrix-entombed cells of the
osteoblastic lineage comprise > 95% of total bone cells [70]. Osteocyte dendrites have been
shown to have direct contact via gap junctions with other osteocytes, osteoblasts, and lining
cells along the bone surface, as well as directly reaching into the bone marrow [71].
Importantly, like both osteoblasts and T cells, osteocytes can activate the differentiation and
function of osteoclasts through their production of RANKL the essential factor for osteoclast
formation [72, 73].

The demonstration that osteocytes produce significant levels of RANKL confirms the role of
the osteocyte in the regulation of bone resorption as well as the overall maintenance of bone
metabolism. It is now widely held dogma that osteocytes interact extensively with the cells
of the bone marrow microenvironment, which directly implicates these cells in the
regulation of the bone marrow, including during the arrival and progression of metastatic
tumor cells. Indeed, in multiple myeloma patient bone biopsies, viable osteocyte number is
significantly less than non-myeloma patients, which suggests that changes in osteocyte
viability may precede the arrival of tumor cells [74]. How alterations in osteocyte viability
and number, as well as other marrow-resident immune cells may affect breast cancer bone
metastasis continues to be an obvious feature but remains a largely underexplored question.

Expression/Secretion of Factors that Promote Osteolysis: Development of New
Therapeutics

The tumor microenvironment, which develops and changes with influences from both
primary tumor as well as with metastatic tumor cell burden and the activation of host
responses, is a critical component of bone metastasis [75]. Metastatic tumor cells regulate
the local bone and bone marrow compartments via the secretion of growth factors and
cytokines such as PTHTP, transforming growth factor beta (TGFp), interleukin 8 (IL-8),
IL-6, and tumor necrosis factor alpha (TNFa) (along with many others) that have been
shown to directly or indirectly activate the recruitment, differentiation, and activity of
macrophages, osteoclasts, fibroblasts, endothelial cells, and their progenitors [4, 5, 75]. Bone
metastatic breast cancer cells may also express osteolytic “drivers” or transcription factors
such as GLI2 and connective tissue growth factor (CTGF) that enhance secretion of
osteolytic growth factors and cytokines [50]. Not content only with driving bone resorption,
metastatic breast cancer cells also inhibit osteoblast differentiation through the RUNX2-
dependent expression of sclerostin [76, 77]. This action disrupts the coupling of formation
and resorption to facilitate unimpeded osteoclastic bone resorption resulting in the profound
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skeletal destruction characteristic of bone metastasis. Despite decades of research to uncover
the molecular mechanisms that drive tumor progression and colonization in the bone
marrow, few advances in knowledge have translated to clinical progress. This is in part due
to the recurrence of signaling pathways with known roles in tumor etiology (e.g., TGFp,
WNT, Hedgehog) that appear unlikely to translate into FDA-approved therapies in the near
future. We thus support several alternative approaches to therapeutically target osteolytic
factors and drivers, which is to (1) alter the delivery of drugs into the bone metastatic site to
enhance bioavailability and reduce off-target effects, (2) utilize broad agents that hit multiple
targets, and (3) delve into personalized medicine.

In the last decade, we have significantly advanced our understanding of the signaling
pathways, cellular compartments, and environmental factors that regulate tumor-induced
osteolysis, and yet breast cancer-specific mortality for patients with bone metastasis has not
significantly improved since the introduction of bisphosphonates and denosumab, which are
now recommended as standard of care for patients with early or advanced post-menopausal
breast cancer [78]. However, these therapeutic approaches which decrease skeletal-related
events and in post-menopausal breast cancer patients increase overall survival [79] are still
directly targeting tumor osteolysis and not tumor cells. The targeting of osteolytic factors
(e.g., PTHrP) and bone resorption has provided much needed advances in patient care, but
alternative approaches that translate in vivo tumor biology findings to breast cancer patients
with bone metastatic disease are needed.

Targeting Wnt signaling [47, 80, 81], TGFp signaling [82, 83], and Hedgehog signaling [84—
86] in mouse models of bone colonization have all provided mechanistic insight, but will
require creative delivery to be effective and prevent off-target effects and toxicity in patients.
It is worth noting that the issue of bioavailability in the bone is more likely to be the limiting
factor in targeting Wnt and Hedgehog signaling, since these pathways are physiologically
switched off post-development and are frequently activated in tumor cells [87]. Advances in
the field of nanoparticles hold promise for this avenue since several groups have identified
effective inhibitors to the TGFB [83, 88] and Hedgehog signaling pathways [89] that with
nanoparticle encapsulation enable tumors to selectively uptake these inhibitors and prevent
bone destruction.

An alternative approach to targeting bone disseminated tumor cells is to tackle all newly
identified pathways through drug repurposing [90], and target multiple pathways at once.
Interleukins have long been identified as osteolytic factors, including IL-8 and 1L-6 [91-93],
and neutralizing antibodies against IL-6 and its receptor in particular have been developed
for clinical use in recent years. Siltuximab, tocilizumab, and sarilumab are all antagonists to
the IL-6/1L-6 receptor signaling pathway and are FDA-approved for treatment of rheumatoid
arthritis [94]. To date, only one clinical trial has been initiated to test the efficacy of
tocilizumab in metastatic breast cancer, but given the mechanistic importance of IL-6 in
tumor-induced bone disease, these inhibitors hold promise for use in bone metastatic breast
cancer.

LIFR, which is a member of the IL-6 cytokine family and was identified as a pro-dormancy
factor in breast cancer cells, was recently found to be regulated through an epigenetic
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mechanism that is targetable through the use of histone deacetylase (HDAC) inhibitors. The
HDAC inhibitor valproic acid significantly stimulated not just L/FR mRNA levels, but 9 of
12 previously published pro-dormancy genes [35], suggesting HDAC inhibitors may be
effective in promoting a chronic state of dormancy. There are currently four HDAC
inhibitors that are FDA-approved, and many others that are currently in phase I-111 clinical
trials, for the treatment of other tumor types and diseases, including chronic treatment of
epilepsy and migraines [95]. Further, several groups are investigating the use of HDAC
inhibitors in bone metastatic breast [96], prostate cancer, and osteosarcoma with reports that
these inhibitors block tumor-induced osteolysis. [96]. With these drugs already FDA-
approved, the approval process for the treatment of metastatic breast, prostate, or
osteosarcoma would be greatly shortened and may rapidly translate into a therapeutic benefit
for these patients.

Perhaps the antithesis to the idea of repurposing drugs that hit multiple targets with less
specificity is to approach the treatment of bone metastasis from the field of personalized
medicine. Would it be of greater benefit to sequence a bone metastasis sample from every
patient to obtain a specific genetic signature and personalized treatment program? The first
hurdle is to address the complexity of intra-patient tumor heterogeneity. Is a breast cancer
bone metastasis biopsy representative of other bone metastatic lesions? This may be
particularly problematic in prostate cancer, where patients frequently present with a
combination of osteolytic and osteoblastic disease [97], but mixed lesions also occur in
breast cancer patients [98]. The second hurdle is that patients who have had the primary
tumor resected and do not have detectable bone metastases remain at risk of developing bone
metastases, but we have no effective way of detecting dormant disseminated tumor cells in
these patients, nor do we know if the primary tumor is reflective of tumor cells that now
reside dormant in the bone marrow compartment. In this case, it would be possible to
sequence the primary tumor, ideally post-treatment, to extract the molecular makeup of
metastatic tumor cells that have undergone the same treatment regimen, but experienced a
microenvironment distinct from the disseminated tumor cells. In this regard, some of the
molecular features of the tumor cell should remain intact, but it will be impossible to know
which ones to target. In patients with clinically detectable bone metastatic disease, a biopsy
or tumor sample obtained during palliative surgery would provide a more accurate genetic
signature, but would also be far more difficult to treat given the extent of disease
progression. Importantly, personalized medicine and treatment plans are becoming
increasingly available [99] and as a field we should capitalize on these technologies. This
capability will be ideal when it becomes possible to detect individual tumor cells and/or
dormant micrometastases in patient bone marrow and to analyze these at the single cell
level.

These targeting strategies rely on the secretion of osteolytic factors and expression of
osteolytic drivers, which remain a key hallmark of bone metastatic breast cancer cells. Until
other physical and cellular mechanisms are identified, this feature will likely continue to
drive forward therapeutic advances that target bone metastatic cells.
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Disruption of Normal Bone Homeostasis

Tumor cells arriving and residing in the bone marrow can remodel the bone and bone
marrow into a permissive environment favoring tumor cell expansion [100], similar to tumor
cells residing in the primary site [101]. Indeed, circulating tumor cells can even re-seed the
original primary tumor site [102-104]. Since the adult human skeleton comprises some 206
bones, the tumor burden in the skeleton is likely the greatest of any individual tissue, and
hence understanding the interactions and disruption of the skeleton by tumor cells is a major
research imperative.

Numerous interactions exist between bone cells and resident bone marrow cells that are
necessary to maintain normal endocrine homeostasis [8, 105]. As such, a variety of putative
bone-targeted treatment opportunities targeting cancer cells resident in bone exist, but are
largely under-explored. The requirement to maintain bone homeostasis and protect (as much
as possible) bone mass and strength, in the face of oncologic treatments that kill tumor cells,
is fundamental. Recent studies have described significant negative effects of standard
chemotherapeutic agents on bone healing, suggesting that the specific treatments (or the
tumor cells themselves) may have altered the behavior and/or differentiated activity of
osteoclasts, osteoblasts, and/or osteocytes [106—108].

The identification of the fundamental contribution of the osteocyte to the control of bone
homeostasis that is the basis of normal bone physiology [109] has spawned increased
interest in the role of these cells in tumor progression and metastasis. As such significant
efforts are now focusing on how the normal processes of bone resorption and bone formation
controlled by osteocytes are disrupted by the formation of osteolytic and/or osteoblastic
bone lesions. Indeed, some have even suggested that agents such as bisphosphonates which
are highly effective in the adjuvant breast cancer bone metastasis setting exert their effects
through osteocyte-mediated connexin 43 hemichannels [110]. If indeed as we suspect such
mechanisms and the involvement of osteocytes are correct, then the discovery of new breast
cancer bone metastasis treatment approaches will require significant re-thinking: shift away
from osteoclasts and now incorporate osteocytes and the metastatic cells themselves.

The inability to maintain bone homeostasis in the presence of significant tumor burden leads
to the collapse of the functional bone-remodeling compartment, ultimately resulting in
patient fracture and increased morbidity. Interestingly, some bone metastatic patients never
progress to this point, while others rapidly progress to a skeletal-related event. While
estrogen receptor (ER) status may account for some of these differences (ER+ patients
typically have longer latency and therefore may not develop clinically detectable bone
metastases [111]), it remains unclear how early the functional bone-remodeling unit is
disrupted by this process. Can a few disseminated tumor cells significantly disrupt
“coupling”? How many tumor cells are required, and do these cells require certain features
to disrupt this fundamental skeletal process? Studies are currently underway to investigate
changes in the skeleton very early in the course of disease progression and to determine
whether the uncoupling of osteoblasts and osteoclasts can lead to changes in the material
properties that alter fracture risk early in the course of tumor dissemination to bone.
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Thoughts and Opinions

The hallmarks of cancer as they were originally proposed [13, 14] focused on general
features of all primary tumor types. In this perspective, we propose the hallmarks of bone
metastasis (Fig. 2) as extravasation into the bone marrow through the vasculature/
lymphatics, disruption of normal bone homeostasis, expression/secretion of osteolytic
factors, interactions with marrow-resident cells, engagement with the osteoblast/osteoclast
niche(s), and the response to the physical microenvironment. In the context of bone
metastasis, these features provide bone metastatic cells with a significant growth and
progression advantage.

It is important to recognize that the original hallmarks concept of Hanahan and Weinberg
[13, 14] implies common features across tumor types, much the same as our proposal for
bone metastasis suggests; however, it is critically important to remember that bone
metastasis, like cancer, is not a single disease and that different tumor types metastasizing or
inhabiting the bone and bone marrow may or may not share all the described pathways. For
example, the ability to stimulate osteoclastic bone resorption is obviously a fundamental and
shared hallmark of bone metastatic cancer cells, yet responses to the physical
microenvironment may not be as universally shared or may present in different ways.
Further, these traits are not mutually exclusive and are likely inextricably linked (e.g., the
physical features of the bone may enable tumor cells to evolve, thus changing the tumor cell
interactions with marrow-resident cells and the osteoblast/osteoclast niche).

Our refocused hallmarks model provides a roadmap and a flashlight for uncovering new
potential treatment opportunities. However, these hallmarks do not fully address or answer
the important questions of how these attributes are acquired or even why such alterations are
undertaken in the first place, and will likely evolve with new discoveries in the field. Such
fundamental questions must be answered and perhaps the answers reside in the still murky
area of cancer stem cells and stem cell division [27] that may be resolved by transcriptomic
or other “omic” profiling [27, 112] at the single cell level. We eagerly anticipate the
collection of these and other data that will no doubt continue to revise and refocus our
models and hallmarks of breast cancer bone metastasis.
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Fig. 1.
Histology of the tumor—bone interface. a, b Metastasis of human MDA-MET cells in the

tibia of a nude mouse (40x). ¢, d Bone biopsy from patient with metastatic breast cancer. Bar
=50 um
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Fig. 2.
Hallmarks of bone metastasis. Common features adopted by bone metastatic breast cancer

cells that enable their survival in the bone marrow
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Fig. 3.

Breast cancer cells experience hypoxia in the bone marrow. A micrometastasis of human
MCF7 cells in the tibia of a nude mouse stains for the hypoxia marker pimonidazole at the
proximal metaphyseal growth plate. Brown staining = pimonidazole. Bar = 200 um
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