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Abstract Patients with advanced cancers are frequently diagnosed with bone
metastasis, which is an incurable condition associated with pathological bone
remodeling. Despite its widespread impact, understanding of the mechanisms
underlying bone metastasis remains relatively limited. While traditional cancer
research approaches focus on cancer cells, increasing evidence suggests a role for
their surrounding microenvironment in tumorigenesis and metastasis. Therefore,
model systems recapitulating physiologically relevant cell-microenvironment inter-
actions are needed in order to study the specific underlying signaling mechanisms.
Tissue-engineered, humanized in vitro models may provide an attractive alternative
to conventional cell culture and rodent models, as they offer systematic control of
microenvironmental aspects relevant to basic and translational studies of bone
metastasis. Here, we use breast cancer as an example to review metastasis-associated
changes to the bone microenvironment and current approaches to study bone metas-
tasis. In light of their limitations, we discuss tissue-engineered model systems of
bone metastasis as a promising alternative, and describe specific design parameters
that should be considered when developing such models. Collectively, engineering-
inspired culture approaches will be valuable to investigate the functional contribu-
tion of the microenvironment to the development, progression, and therapy response
of bone metastasis.
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1 Introduction

Metastasis accounts for approximately 90% of cancer-related deaths [1] and very
frequently targets the skeleton [2]. In particular, patients with advanced breast and
prostate cancer, but also with lung, thyroid, and kidney cancers, are often diagnosed
with incurable bone metastasis [3]. The pathological bone remodeling associated
with skeletal metastasis increases morbidity and mortality, and can span a wide
spectrum of changes that range from excess new bone formation, as in the case of
prostate cancer, to complete bone degradation, as often observed with breast cancer
[4, 5]. Despite its devastating socioeconomic consequences, our understanding of
the molecular, cellular, and tissue-level mechanisms that underlie bone metastasis
remains relatively limited.

Traditionally, most cancer research has centered on cancer cells; however, it is
now well accepted that the microenvironment in which cancer cells are located is
equally important. In fact, an accumulating body of work suggests that tumors can
only develop in a permissive context that may, for example, form during the process
of aging or inflammation, while a healthy or embryonic microenvironment can pre-
vent tumorigenesis [6]. Although most studies on tumor-microenvironment interac-
tions have been performed in the context of primary tumors, the same concepts
apply to secondary tumors that have spread to distant sites including the skeleton.
Indeed, the “seed and soil” hypothesis has long argued that metastasis is a non-
random process which specifically targets organs that provide fertile ground for
tumor cells to seed [7, 8]. Nevertheless, due in part to a lack of relevant model
systems, there exists relatively little knowledge about the surrounding “soil”, or
microenvironment, and what makes it fertile for seeding and progression of
metastases.

Historically, bone metastasis has been studied in conventional two-dimensional
(2D) cell culture and mouse models. However, both approaches are limited in their
ability to recapitulate conditions characteristic of human disease. More specifically,
species-specific differences in mice often prevent extrapolation of results to patients,
while 2D cultures lack physiologically relevant 3D cell-microenvironment interac-
tions. Nevertheless, these contextual cues are critical regulators of the phenotypic
changes that mediate metastasis, including proliferation, differentiation, and gene
expression [9]. To address this challenge, cancer biologists increasingly utilize
tumor spheroids and organoids. Still, these systems are not easily suited to recapitu-
late the unique cell-cell and cell-extracellular matrix (ECM) interactions as well as
mechanical forces intrinsic to bone metastasis. Tissue-engineered, humanized in
vitro models may provide an attractive alternative and advance basic and transla-
tional studies of bone metastasis.

In this chapter, we will use breast cancer as an example to introduce biological
changes to the bone microenvironment associated with metastasis and review cur-
rent approaches to study the underlying mechanisms. Subsequently, we will discuss
tissue-engineered model systems of bone metastasis as a valuable alternative and
define specific design parameters that should be considered when developing such
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models. Collectively, engineering-inspired culture approaches will be valuable to
investigate the functional contribution of the microenvironment to the development,
progression, and therapy response of bone metastasis.

2 The Microenvironment in Bone Metastasis

2.1 Bone Structure and Homeostatic Bone Remodeling

The skeleton serves to provide structural support in the body, and is constantly
undergoing remodeling (~10% annually [10]) to maintain mechanical strength and
integrity. Bone remodeling is a sequential process by which bone is degraded/
resorbed (osteolysis) and then replaced by newly formed bone (osteogenesis). At
the cellular level, osteolysis and osteogenesis are carried out by bone-degrading
osteoclasts, bone-forming osteoblasts, and mechanosensing osteocytes. Through
acid and protease secretion, osteoclasts primarily function to degrade bone matrix,
a composite material composed of collagen type I fibrils that are reinforced by
hydroxyapatite (HA) nanocrystals [11]. Osteoclasts are hematopoietic in origin and
derived from macrophage/monocytes that have differentiated and fused (i.e. osteo-
clastogenesis) in the presence of osteoblast-derived cues (e.g. receptor activator of
nuclear factor kappa-B ligand [RANKL], macrophage colony-stimulating factor
[M-CSF]) [12]. Osteoblasts, on the other hand, are derived from bone marrow mes-
enchymal stem cells (BM-MSCs) via transforming growth factor-beta (TGF-p),
bone morphogenetic protein (BMP), and WNT signaling [10]. Following behind
osteoclasts, osteoblasts deposit new collagen type I matrix for mineralization, then
undergo apoptosis or become lining cells or osteocytes. Generally accepted as the
primary mechanosensors in bone, osteocytes form an interconnected network
embedded within bone matrix, and secrete factors that regulate osteoclastogenesis
(e.g. RANKL) and osteoblast differentiation (e.g. TGF-f) in response to physical
forces [13]. Critical to the balance of bone resorption and formation is the local
strain environment in the bone, which is modulated by external mechanical stimuli.
For example, increases in mechanical loading of the bone (e.g. due to physical
activity) lead to a net increase in osteogenesis whereas reductions in loading (e.g.
due to bed rest) promote osteolysis [14]. In the context of breast cancer, tumor cells
deregulate the above-described homeostatic signaling between bone cells and
mechanical stimuli to drive their own growth and metastatic potential.

2.2 The Vicious Cycle of Bone Metastasis

Bone metastasis results when cancer cells originating from a primary tumor initiate
secondary tumors in the skeleton. The metastatic process is highly selective [8];
primary tumor cells must successfully invade local tissue, intravasate into nearby



98 A.E. Chiou and C. Fischbach

blood vessels, and circulate systemically while evading the immune system, before
localizing and extravasating into bone. Even then, the disseminated cells must sur-
vive a period of dormancy before reactivating to establish secondary tumor growth
[15]. Survival at each of these steps is rate-limiting and requires crosstalk between
a cancer cell and its microenvironment. The bone matrix exemplifies fertile “soil”
for cancer cells, as it is packed with morphogens (i.e. growth factors, cytokines,
chemokines) that attract tumor cells and feed their growth. For example, the seques-
tration of osteoblast-secreted stromal-derived factor-1 (SDF-1/CXCL12) in the
bone ECM is not only important for homing of CXCR4-expressing immune, hema-
topoietic, and stem cells, but also plays a role in seeding and proliferation of breast
cancer cells in bone [16-19].

Once localized to the bone secondary site, tumor cells modify the microenviron-
ment in their favor by deregulating the signals that govern homeostatic bone remod-
eling in a feed-forward loop that promotes bone metastatic progression. While
osteogenesis appears to be essential for initial seeding of metastasis [20], osteolysis
is the primary outcome at later stages of breast cancer bone metastasis. Tumor cells
activate the latter process by secreting elevated levels of parathyroid hormone-
related peptide (PTHrP), which stimulates the secretion of osteoblast-derived
RANKL to increase osteoclast activation and bone resorption [21-23]. Increased
bone resorption, in turn, leads to the release of matrix-bound growth factors (e.g.
TGF-p, BMPs) that further enhance tumor growth, in a process known as the
“vicious cycle” of bone metastasis [4, 11, 24]. This vicious cycle is additionally
stimulated by elimination of functional osteoblasts [25]. Furthermore, upregulated
RANKL-independent signaling mechanisms may play an important role in bone
metastasis, for example, tumor cells expressing elevated levels of interleukin-8 (IL-
8) and lysyl oxidase (LOX) also exhibit increased migration [26] and invasiveness
[27], and have been correlated with increased osteolysis [28, 29].

More recently, experimental evidence has suggested that tumor cells at the pri-
mary site may direct the formation of distant “pre-metastatic niches” primed for
metastatic initiation even prior to their own dissemination. Through endocrine-like
actions, primary tumor cells release factors that circulate systemically and trans-
form cell behavior from afar in a manner that may ultimately direct organ-specific
metastasis [30, 31]. For example, primary breast cancer in rodent models changes
bone strength, structure, and mineralization, suggesting that circulating factors may
play a role in this process [32]. Indeed, tumor-free mice that were injected with
tumor cell-conditioned media similarly present with osteolytic lesions, confirming
that systemically circulating tumor-derived factors (e.g. LOX) lead to pre-metastatic
conditioning of the bone [33]. However, whether these changes to the bone ECM
are critical to bone metastasis remains to be confirmed. Studies with cancer cell-
derived extracellular vesicles (e.g. exosomes) strongly suggest this possibility
because they have been demonstrated to direct organotropic metastasis via pre-
metastatic niche development at sites such as the lungs and the liver [34, 35].
Developing models to specifically investigate the interactions between tumor cells
and the bone microenvironment at each stage of the metastatic cascade will further
mechanistic understanding of bone metastatic progression (Fig. 1).



Tissue-Engineered Models for Studies of Bone Metastasis 99

primary
‘@7, tumor

‘ A O Ac’}oub(’bn
o
A

Cell-matrix interactions

YT

collagen

Cell-cell interactions

Bé\‘d)—MSC G A omjﬂucyles

()
o S
\‘ ‘o'

Q

osteoclast

& .
\;;g( extracellular matrix

cancer cell

o extracellular vesicle

"“A soluble factors
Mechanical
‘_4.- o forces
- unloaded
? - - .. = - 1l i
[ LT THH
)
A } L
o]
Al
bone
metastatic
site

Fig. 1 Design parameters to incorporate into engineered tumor microenvironments for studies of
bone metastasis, including cell-matrix interactions, cell-cell interactions, and mechanical forces

3 In Vivo Models of Bone Metastasis

Various mouse models of bone metastasis have advanced our knowledge of how
tumor cells interact with the bone microenvironment, but not all aspects of human
disease may be mimicked with this approach. Transgenic mice reflecting certain
genetic mutations found in human breast cancer have facilitated greater under-
standing of tumor growth and invasion, and tumor-immune interactions. For
example, overexpression of the oncogenes Her2/neu, Ras, and Myc is commonly
driven by the Mouse Mammary Tumor Virus (MMTYV) promoter [36]. Immune-
competent MMT V-driven mice develop spontaneous mammary tumors, but bone
metastasis occurs rarely in such models [36]. In fact, most spontaneous breast
cancer models in rodents do not metastasize to the bone, and thus other approaches
are often utilized.
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Inoculation of breast cancer cells through various injection routes has yielded
greater rates of bone metastasis compared to transgenic models. Following
orthotopic injection into the mammary fat pad, the murine breast cancer line 4T1
has limited ability to spontaneously metastasize to bone after 3—6 weeks, while its
clonal subline 4T'1.2 exhibits strong bone tropism [37]. The 4T1 model provides the
opportunity to study the full bone metastatic cascade in mice, as well as tumor-
immune studies in syngeneic BALB/c mice. However, by the time bone metastases
become apparent, the tumor burden is typically high at the orthotopic site and in the
lungs, leaving a small time window to study bone metastasis [36]. Intracardiac
injection through the left ventricle introduces tumor cells directly into the systemic
circulation, improving rates of bone metastases [38]. While this model skips key
initial steps of the metastatic process, it has enabled study of factors that influence
tumor cell seeding and colonization of bones, including the development of bone-
tropic sub-lines of the human breast cancer cell line MDA-MB231, as well as the
identification of a bone metastasis gene signature [39, 40]. Intraosseous injections,
for example by the intratibial route, place tumor cells directly into the bone marrow
cavity, allowing study of tumor-bone microenvironmental interactions. This
approach is limited to the late stages of the metastatic cascade, but has been espe-
cially useful in studying the vicious cycle of bone metastasis [41] and the effective-
ness of potential treatments such as bisphosphonates [42], denosumab [43], and
even mechanical loading [14]. Collectively, these techniques have shed light on
several aspects of breast cancer bone metastasis, however they remain limited by
their inability to recapitulate species-specific interactions between human breast
cancer cells and human bone in the presence of a functional immune system [44].

Orthotopic injection of human breast cancer cells into mice with implanted
human bone tissue may overcome this issue, and confirm a role for human-specific
microenvironmental aspects of bone in driving metastasis [45]. The use of patient-
derived xenografts (PDX) models, in which tissue from patient primary tumors is
transplanted to immunodeficient mice, has been rising because they offer improved
predictive value for malignant potential compared to cancer cell lines [46]. Indeed,
tumor cells derived from PDX models have displayed spontaneous metastases simi-
lar to those of patients, and as such may metastasize to bone in the host mouse [47].
Still, many of these models lack immune interaction, which could be addressed by
engrafting human hematopoietic cells within the immunodeficient murine hosts
(e.g. nude [48], SCID [49-51], NOD-scid [52]). These humanized models aim to
confer partial human immunity to the hosts, however the success of these approaches
has been limited by eventual takeover of the hematopoietic compartment by host
immune cells and low life spans of mice [53]. Collectively, mouse models of bone
metastasis have led to much advancement in our understanding of the disease. Even
so, using these models to study the spatiotemporal dynamics of bone metastasis,
species-specific differences, and the role of the immune system continues to be a
challenge. While certainly limited in their ability to recapitulate full biologic com-
plexity, in vitro culture platforms may address some of these challenges, as they
enable the study of human cells under well-defined conditions, in a patient-specific
manner, at reduced cost, and with fewer ethical issues relative to animal studies.
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4 Tissue-Engineered Models to Study Bone Metastasis

4.1 Dimensionality: 2D Versus 3D

Standard 2D monolayer cultures of human cancer cells have provided valuable
insights on cancer biology and informed therapeutic development. However, these
2D culture models are unable to recapitulate most of the heterogeneous interactions
within the tumor microenvironment in vivo, including those involving the surround-
ing extracellular matrix (ECM), as well as other resident cell types, and external
physical forces [9, 54]. In fact, cells cultured in 3D compared to 2D exhibit appre-
ciably altered proliferation [55], differentiation [56], metabolism [57], and protein
expression [58, 59].

3D cancer cell cultures more appropriately mimic tumors in vivo, as tissue level
interactions and dimensionality influence tumor growth [60—62], migration [63],
signaling [64, 65], and drug response [66]. For example, multicellular spheroids
recapitulating certain aspects of tumor heterogeneity and transport limitations in
vivo have led to improved understanding of antitumor drug resistance [67]. Tumor
organoids, which are spheroids cultured from primary cells, can retain patient-
specific genetic and pathological characteristics, and have helped elucidate
genotype-drug interactions and niche contributions to growth, metastasis, and drug
response [68—70]. While tumor spheroids and organoids have also been used to
study the role of ECM in regulating invasive behavior of tumor cells [71], they typi-
cally lack cell-matrix interactions characteristic of bone. Furthermore, they exclude
tumor-stromal cell interactions and mechanical stimuli, thus more physiologically
relevant 3D models of the bone microenvironment are needed to investigate the
mechanisms of bone metastasis [54].

4.2 Cell-Matrix Interactions
4.2.1 Organic Matrix (Collagen, Decellularized Matrices, etc.)

To study tumor-matrix interactions, natural ECM-derived materials such as colla-
gen type I and reconstituted basement membrane (i.e. Matrigel®) are frequently
used due to their cytocompatibility, inclusion of cell adhesion sites, remodelability,
as well as the ability to control physical matrix properties (e.g. porosity, fiber struc-
ture, stiffness) through casting conditions (e.g. temperature, concentration, pH) [72,
73]. Matrigel® and collagen type I hydrogels have also been used to direct stem cell
osteogenic differentiation and mineralization [74-78], leading to compositional
similarities to organic bone matrix. However, batch-to-batch variability and inabil-
ity to control specific biological, biochemical, and biophysical characteristics of
these matrices [54, 79] limit study reproducibility and thus, mechanistic
understanding.
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In particular, the ECM composition, structure, and mechanical properties (e.g.
stiffness, or elastic modulus) encountered by cells in the bone microenvironment are
not reflected or independently controllable in collagen type I or Matrigel®-based
hydrogels models. For example, ECMs at common metastatic sites (bone, lung,
brain) are complex in their composition and physical properties, yet most naturally-
derived hydrogels comprise only one individual component that does not capture
the tissue-specific integrin-ECM interactions that critically mediate breast cancer
cell adhesion and motility (Fig. 2a) [80]. In addition, the stiffness of bone is orders
of magnitude greater than the upper limit possible using natural ECM hydrogels
[84]. As substrate mechanics are critical in regulating BM-MSC osteogenic differ-
entiation [85, 86], tumor cell malignancy [87], as well as the progression of bone
metastasis (Fig. 2b) [81, 84], the inability to capture bone ECM mechanics inher-
ently limits the physiologic relevance of these models. Furthermore, varying the
concentration of collagen gels to control bulk stiffness simultaneously alters fibril-
lar network structure and adhesive ligand density, which independently modulate
cell behavior [88]. Inability to recapitulate biochemical and physical properties of
bone matrix restricts the physiologic relevance of cell behavior in hydrogel cultures,
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Fig. 2 Cell-matrix interactions. (a) Tissue-specific ECM protein density and composition influ-
ence breast cancer cell adhesion and motility [80]. (b) Osteolytic PTHrP gene expression increases
with substrate modulus for bone-metastatic breast (MDA), lung (RWGT?2), and prostate (PC3)
cancer cell lines [81]. (¢) Compared to collagen type I matrices (COL I), decellularized osteoblast-
derived matrix (OBM) bone tissues induce greater alignment of prostate cancer cell lines (PC3 and
LNCaP) [90]. (d) Breast cancer cells penetrate deeper into and adhere better onto mineralized,
HA-containing scaffolds. Arrows = walls, asterisks = pores, scale bars = 200 pm [83]. (Figures
reproduced with permission from Royal Society of Chemistry, Elsevier, and Public Library of
Science)
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which may be improved by using platforms that allow systematic control of such
parameters.

Decellularized matrices, which preserve the natural composition and structure
laid down by osteogenic cells, not only direct osteogenic differentiation of BM-MSCs
[89], but have also facilitated studies of tumor cell-ECM interactions. Compared to
2D collagen matrices, decellularized matrices derived from primary human osteo-
blasts have been shown to enhance alignment, migration, and osteogenic gene
expression of prostate cancer cells (Fig. 2c) [90] as well as bone-metastatic breast
cancer cells [82]. The feasibility of long-term studies with cell-derived ECMs can be
further improved by surface-anchorage, a technique that preserves structural integ-
rity of the ECMs and prevents their detachment in response to cell-mediated traction
forces [91]. BM-MSC:s in such cultures deposit even more physiologically relevant
ECMs under macromolecular crowding conditions [92]. This results in enhanced
expansion of hematopoietic progenitor cells, indicating that tumor cells may also
respond to such conditions. Still, cell-derived matrices are commonly derived from
monolayer cultures. Given that cellular ECM deposition is influenced by the under-
lying substrate [93], these ECMs may still not fully recapitulate the in vivo ECM
structure and composition that can independently affect availability of ECM binding
sites, and subsequent phenotypic changes of secondary cell types [94].

Decellularized bone tissue offers compositional and structural matrix cues inher-
ent to native bone that may be explored for studies of bone metastasis. Indeed,
decellularized bone tissue alters cellular phenotypes, and can support osteogenic
differentiation of progenitor cells (adipose-derived stem cells [95], embryonic stem
cells [96], BM-MSCs [97, 98]) as well as studies of tumor cell-bone interactions
[99, 100]. However, it is worth noting that bone tissue architecture, marrow mechan-
ics, and mineral content can vary greatly within a single bone, let alone across
samples and species, limiting reproducibility of these models [101, 102]. These
changes are important, for example, as bone mineral materials properties can
independently modulate tumor cell behavior [103]. This suggests that bone metas-
tasis models of the ECM should not only recapitulate proper organic ECM composi-
tion, but also the respective mineral component.

4.2.2 Inorganic Matrix (Mineral)

Along with collagen, HA mineral platelets constitute a fundamental building block
of bone matrix, however few bone metastasis models incorporate this inorganic
matrix component. Inclusion of HA nanoparticles within 3D scaffolds enhances
osteogenic differentiation of stem cells in bone tissue engineering approaches [104—
106], but has also been demonstrated to affect breast cancer cell adhesion and secre-
tion of pro-osteoclastic IL-8 (Fig. 2d) [83]. Accordingly, biomaterial substrates
mineralized by incubation with Simulated Body Fluid (SBF) equally promote adhe-
sion and proliferation of breast cancer cells [107]. However, it should be noted that
the materials properties of HA itself can vary extensively depending on patient age
and disease [108]. In particular, HA particle size, crystallinity, and carbonate
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substitution are parameters that may vary in the presence of a secondary and/or
primary mammary tumor [109, 110]. Hence, synthesis schemes that allow the for-
mation of HA crystals with defined nanoparticle properties have been developed
[103, 111]. Indeed, polymeric scaffolds containing HA with differentially con-
trolled particle size and crystallinity impact breast cancer cell adhesion, prolifera-
tion, and osteolytic factor secretion as a function of varying HA characteristics
[103]. While these in vitro studies strongly suggest a regulatory role of HA materi-
als properties in bone metastasis, the in vivo relevance of these findings will need to
be confirmed. Furthermore, HA is associated with collagen type I fibrils in the body.
Hence, strategies to mineralize collagen fibrils based on SBF incubation [112, 113]
and mineral co-precipitation during fibrillogenesis [114] should be considered to
establish platforms that will allow dissection of the individual and combined effects
of bone organic and inorganic ECM components during the pathogenesis of bone
metastasis.

4.3 Cell-Cell Interactions
4.3.1 Direct: Cell-Cell Contact in Co-cultures of Tumor and Bone Cells

While isolating tumor cell interactions with the bone ECM will be essential for
studies of skeletal metastasis, direct interactions of tumor cells with osteoblasts,
osteoclasts, and other cells located in the bone are equally important. To design
model systems that recapitulate these interactions, a variety of existing co-culture
approaches initially developed for regenerative approaches [115-118] or studies of
bone biology [119, 120] could be easily adapted. Still, mimicking the bone remod-
eling process in vitro remains a significant challenge due to the long time frames
over which bone cells mature and the need for continuous supplementation of osteo-
genic precursor cells to carry out bone formation following resorption by osteo-
clasts. Nevertheless, appropriate combination of culture substrates and cell types
can recapitulate conditions observed in vivo and thus, may ultimately reveal novel
insights. For example, co-culturing breast cancer cells and osteoclasts within min-
eralized, collagenous osteoblastic tissue upregulates osteoclast differentiation and
downregulates osteoblast differentiation, both of which are features observed in
osteolytic bone lesions in vivo [121]. While this specific tri-culture model is very
promising and yields physiologically relevant cell behavior, it may not be easily
implemented in many conventional biology labs due to the need for custom bioreac-
tors to ensure adequate nutrient and waste transport for the 3D tissue.

To circumvent the challenge of implementing long-term tri-cultures, a majority
of co-culture studies focus solely on the interactions between tumor cells and a
single type of bone cell. Several studies have explored the interactions between
breast cancer cells and osteoblastic cells in co-culture, demonstrating that their
interaction stimulates osteoclast formation [125, 126], exhibits hallmarks of in vivo
bone metastatic progression [127, 128], and upregulates expression of the meta-
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static gene metadherin in breast cancer cells (Fig. 3a) [122]. Biomimetic 3D bone
scaffolds have been increasingly used for these co-cultures, as they can help to
simulate the behavior of cancer cells in vivo [122, 129]. In addition, co-culture of
metastatic breast cancer cells with osteoclast precursor cells supplemented with
soluble RANKL can mimic tumor-induced osteolytic activation in culture due to
increased osteoclast formation [126]. Together, these studies may further improve
understanding of how breast cancer cells alter the signaling between osteoblasts and
osteoclasts that is critical to the development of bone metastasis. Nevertheless, cur-
rent approaches primarily focus on osteoblasts and osteoclasts and typically disre-
gard other bone-resident cells that may play equally important roles. For example,
bone marrow progenitor cells such as hematopoietic stem cells are recruited to the
bone via similar signaling pathways (e.g. the SDF-1/CXCR4 pathway) as tumor
cells and, in fact, directly compete with tumor cells in the bone marrow niche [130-
132]. To fully understand the mechanisms of pre-metastatic niche development and
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the vicious cycle of bone metastasis, culture models that incorporate crosstalk
between various different populations of bone-resident cells and tumor cells will be
essential. Finally, for effective therapeutic targets to be identified, it will be critical
to determine whether phenomena observed in co-cultures are dependent on direct
cell-cell contact or on paracrine signaling between cells.

4.3.2 Indirect: Membranes, Cell-Derived Factors, Soluble Cues

Non-contact co-cultures utilizing transwell inserts have enabled study of the effects
of bi-directional paracrine signaling between breast cancer cells and osteoclasts
[133] as well as between breast cancer cells and BM-MSCs [123] in 2D cultures. To
permit more physiologically relevant communication between multiple cell types,
non-contact 3D co-cultures have also been established, for example, by placing two
scaffolds, each seeded with either breast cancer cells or BM-MSCs, into a single
well for culture [123]. Using this method of indirect 3D co-culture, BM-MSC
osteogenic differentiation is decreased in the presence of breast cancer cells. While
these findings suggest that breast cancer cell-secreted factors reduce osteogenic dif-
ferentiation of BM-MSCs, the opposite, namely enhanced osteogenic differentia-
tion of BM-MSCs, has also been shown [134]. Hence, it is imperative to consider
whether bidirectional paracrine signaling is necessary for the given research ques-
tion. Indeed, the importance of such feedback is underscored by studies implanting
engineered bone microenvironments into tumor-bearing mice, in which BM-MSC
migration from implants to mammary tumors in turn affects metastatic growth and
frequency [135]. Furthermore, tissue-engineered bone implants have also high-
lighted that BM-MSCs exposed to BMP-2, a growth factor commonly associated
with both osteogenesis [136] and tumorigenesis [137], enhances bone metastatic
colonization [138]. Hence, methods to isolate the signaling of specific cell-secreted
biomolecules remain relevant.

Historically, the effect of tumor-derived morphogens on cell signaling including
BM-MSC migration [139], gene and protein expression [140], and differentiation
[134], as well as osteoblast inflammatory response [141] have been frequently iso-
lated with conditioned media. More recently, however, it has become clear that con-
ditioned media not only contains secreted biomolecules, but also tumor cell-shed
extracellular vesicles (EVs; e.g. exosomes, microvesicles) and that these EVs may
be critical for tumor initiation and progression. More specifically, EVs are
membrane-enclosed vesicles that are produced by tumor cells and can be isolated
from conditioned media via size-based sorting and filtration techniques [142, 143].
EVs can promote cancer progression via stably transported cargo molecules (e.g.
proteins, miRNAs, DNA). Additionally, cancer cell derived-EVs can direct organ-
specific metastasis [35], transform the behavior of BM-MSCs and other stromal
cells toward cancer-promoting phenotypes (Fig. 3b) [124, 144], and increase the
metastatic potential of poorly metastatic cells [145]. However, the exact mechanisms
underlying these observations are not well understood. For example, whether tumor
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cells within bone shed different populations of EVs relative to those located at the
primary site, and how these vesicles transmit information to recipient cells remains
largely unclear. Studying the biogenesis and signaling mechanisms intrinsic to EVs
in physiologically relevant models of bone metastasis promises to shed some light
on these phenomena.

4.4 Mechanical Forces

Considering the load-bearing nature of bone and its functional adaptation to
mechanical forces, as well as the observation that mechanical cues can affect bone
metastatic progression, appropriate mechanical stimuli should be considered when
designing bone metastasis models. In the context of bone regeneration, various bio-
reactor platforms (spinner flasks [146], rotating-wall vessels [147], direct perfusion
[148], direct compression [149]) have been developed to impart physical forces that
promote bone tissue formation. Similar setups can also be applied to probe the func-
tional impact of such stimuli on the pathogenesis of bone metastasis. In general,
tumor growth within bones induces static compression, which can enhance meta-
static phenotypes in prostate cancer cells via osteocyte-secreted factors [150]. On
the other hand, external cyclic compression of tumor-bearing tibiae to mimic the
effect of physical activity has been shown to inhibit secondary tumor growth and
osteolysis [14]. Together, these findings indicate that physical forces modulate met-
astatic progression, but the underlying mechanisms may be diverse. While load-
bearing physical activity imparts cyclic compressive loads on bone-resident cells in
vivo, it also generates interstitial flow that in and of itself can alter cell behavior due
to altered transport of nutrients and waste products as well as small scale mechani-
cal forces (e.g. shear stress, drag forces) [152]. Indeed, introducing interstitial flow
into collagen scaffolds using microfluidic approaches influences the direction of
breast cancer cell migration (Fig. 4a) [151]. Additionally, flow-derived shear stresses
may regulate the drug resistance of tumors as suggested by studies in which tissue-
engineered bone tumors were cultured in a flow perfusion bioreactor [153]. Whether
these differences were mediated by direct effects on the tumor cells, altered trans-
port of soluble factors, or a combination of the two remains to be investigated.
Similarly, direct cyclic compression of HA-containing scaffolds using a custom bio-
reactor with loading platen upregulates expression of genes associated with bone
metastasis by breast cancer cells (Fig. 4b) [14], while the same stimuli promote
osteogenic differentiation of BM-MSCs when exposed to breast cancer cell-derived
soluble factors [134]. Again, whether these changes are due to direct effects on the
tumor cells or altered transport phenomena has yet to be elucidated. Nevertheless,
these studies collectively underscore the need to incorporate physiologically rele-
vant mechanical stimuli into bone metastasis models. This approach will be particu-
larly useful in co-culture models involving osteocytes, given the key role of these
cells in mechanotransduction [154].
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Fig. 4 Mechanical forces.
(a) Microfluidic device
generating a consistent
interstitial flow field via
pressure gradient across
cell-embedded collagen I
gel. Breast cancer cell
migration occurs against
the flow direction [151].
(b) Direct compression of
breast cancer cell-seeded
scaffolds in a loading
bioreactor reduces
expression of osteolysis-
associated gene Runx2
[14]. (Figures reproduced
with permission from
National Academy of = 10pm
Sciences and John Wiley
and Sons)
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5 Future Perspectives

In conclusion, 3D tissue-engineered models of cancer bone metastasis have the
potential to more accurately define the functional interplay between tumor and
bone-resident cells that regulates bone metastasis. However, current models remain
limited in their ability to fully recapitulate in vivo complexity of microenvironmen-
tal factors, including matrix properties (organic and inorganic components, mechan-
ical properties), bone-resident cellular compartments (osteoblasts, osteocytes,
osteoclasts, adipocytes, endothelial cells, immune cells), and physical forces (inter-
stitial flow and cyclic compression). Looking forward, thorough characterization of
metastasis-associated material changes to the bone microenvironment will be criti-
cal to more appropriately model and study their functional consequences.
Considering the systemic nature of cancer metastasis, integrating these models with
body-on-a-chip systems that also represent other organ sites will enable examina-
tion of relative metastatic frequencies as well as mechanistic investigations. The
knowledge to be gained from integrative models of bone metastasis will inform
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therapeutic development, and when using patient-derived cells these models could
provide predictive insights for precision medicine.
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