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Abstract

Many cancer types metastasize to bone. This propensity may be a product of genetic traits

of the primary tumor in some cancers. Upon arrival, cancer cells establish interactions with a
variety of bone resident cells during the process of colonization. These interactions, to a large
degree, dictate cancer cell fates at multiple steps of the metastatic cascade, from single cells to
overt metastases. The bone microenvironment may even influence cancer cells to subsequently
spread to multiple other organs. Therefore, it is imperative to spatiotemporally delineate the
evolving cancer-bone crosstalk during bone colonization. In this review, we provide a summary
of the bone microenvironment and its impact on bone metastasis. Based on the microscopic
anatomy, we tentatively define a roadmap of cancer cells’ journey through bone relative to various
microenvironment components, including the potential of bone to function as a launch pad for
secondary metastasis. Finally, we examine common and distinct features of bone metastasis from
different cancer types. Our goal is to stimulate future studies leading to the development of a
broader scope of potent therapies.

ToC blurb

This Review discusses the bone microenvironment and its impact on bone metastasis, defining a
roadmap of the cancer cell journey through bone relative to various microenvironment components
and in different cancer types as well as providing insight into new therapeutic targets.
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Introduction

Bone and bone marrow together represent a highly complex environment. This complexity
results from the intricate spatial organization of many different resident cell types and their
agile temporal dynamics. The major functions of bone include mechanical support and
hematopoiesis. The former function is carried out by the mineral part of bone, which is
built and maintained primarily by osteoblasts [G], osteocytes [G] , osteoclasts [G] , their
precursors and mesenchymal stem cells (MSCs). The latter function involves a hierarchy

of cells, including hematopoietic stem cells (HSCs), a variety of intermediate progenitor
cells, as well as matured blood cells. MSCs and their decedent cells cooperate with the
hematopoietic cells at different levels of the hierarchy and play important roles in regulating
hematopoiesis. In addition, bone and bone marrow are highly vascularized. Arteries enter
long bones from the periosteum, branch into smaller arterioles, and form capillaries (Type
H capillaries [G]) at the metaphyseal and epiphyseal regions (Figure 1). The blood

then drains into sinusoidal network (Type L capillaries [G]) that extend in the reverse
direction, converge into central vein, and eventually exit the medullary cavity®. Furthermore,
different blood vessels are accompanied by different mural or perivascular cells as well.
Avrteries, arterioles, Type-H, and Type-L capillaries are covered by perivascular cells that
are aSMA+NG2+, PDGFRp+nestin-GFPNI"NG2+, PDGFRB+NG2+, and LEPR-+nestin-
GFPIOWPDGFRa+, respectively?®. Therefore, the vasculature in the bone is heterogeneous.
Nerves, including sensory and sympathetic neurons and their supportive cells’, usually
accompany blood vessels. Together, this miscellany of cells constitutes the bone
microenvironment (BME) and function in a delicate balance to maintain bone mass and
integrity (Box 1).

Bone and bone marrow are frequently affected by metastasis from cancers in multiple
organs, including breast, prostate, colon, lung, bladder, kidney, and head/neck. The
proclivity of these cancer types to colonize bone remains poorly understood and may be
related to the fact that the BME is enriched with factors and niches that nurture stem cells.

Fully developed metastatic disease has devastating consequences for the function of bone
and accelerates cancer progression. Current standard-of-care therapies target the ability

of cancer cells to resorb bone, which presumably does not occur until late stage of

bone colonization in most cancer types. While such therapies undeniably improve quality
of life, patient survival is not significantly elongated. Additional therapeutic strategies

may be revealed with a deeper understanding of the process of early bone colonization,
including the initial interactions between disseminated tumor cells (DTCs) and the various
microenvironment niches, and the subsequent progression toward bone-deconstructing overt
bone metastases.

Here we present a review on the topic of bone metastatic diseases, focusing on tumor cell
interactions with the microenvironment during the journey from primary tumor to bone
and, as more recently unveiled, from bone to additional target organs. We will summarize
our knowledge of bone metastasis as a sequence of connected steps using the example

of breast cancer and other representative cancer types to highlight the spectrum of tumor
driven interactions in the BME that uniquely describe the metastatic journey. Specifically,

Nat Rev Cancer. Author manuscript; available in PMC 2023 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Satcher and Zhang

Page 3

we will compare the metastatic journey of disseminated cells from breast cancer, which

is the most studied tumor type with the highest incidence of bone metastasis among

the cancers we discuss, with other selected solid tumors which differ mechanistically
according to their phenotype (prostate-osteoblastic), treatment resistance (renal-osteolytic)
and their immunologic properties (multiple myeloma-osteolytic). Finally, we will review
newly emerging therapeutic targets that may mediate different steps of bone colonization.

The metastatic journey from breast to bone

To obtain a relatively integrated view, we will use mostly breast cancer studies as examples
for the discussion of the metastatic journey to bone, since there are more experimental
models available compared with other cancers (Table 1, Box 2) and, as a result, a larger
number of published studies exist for analysis. However, insights from other cancers can
sometimes facilitate deeper understanding and boarder discussion, and therefore, will be
mentioned with cancer type specified. Briefly, we will summarize the process through which
cancer cells disseminate from primary tumors, establish the initial foothold that facilitates
dormancy, begin proliferation under the influence of the (altering) BME, recruit osteoclasts
to trigger a vicious osteolytic cycle, and finally further metastasize to multiple other organs.

Pre-metastatic alterations in bone

Breast tumors may systemically impact distant organs even before metastasis occurs®. The
development of a “pre-metastatic niche” was first characterized in lungs and implicated
changes in the bone marrow. Specifically, bone marrow-derived VEGFR1+ cells can be
mobilized by primary tumors and recruited to the lungs before the arrival of metastatic
cancer cells®. These cells can prepare the lung tissues and make them more amenable to
metastatic seeding. Subsequent studies provided further details of this process and expanded
our knowledge of the mechanisms of the pre-metastatic niche development (e.g., refl9-12). In
some cases this niche was shown to suppress, rather than promote, metastatic seeding3:14.
Overall, these studies also confirmed that the bone marrow acts as a remote responder to
primary tumors and as a source of cells recruited to other organs for pre-metastatic niche
formation. However, these studies did not address the questions of how the BME is altered
in this process and whether such alterations affect potential metastatic seeding to bone itself.

Independent from the above studies, it has long been observed that breast tumors skewed
hematopoiesis toward the myeloid lineage with cells of abnormal functionality 1517, We
and other groups have shown that some breast tumors can induce systemic accumulation of
immature myeloid cells that are immunosuppressive, known as myeloid-derived suppressor
cells (MDSCs)18.19, However, the level of MDSC accumulation varies across different
tumors and may be dictated by tumor-intrinsic characteristics such as the epithelial-
mesenchymal transition (EMT) status and levels of mTOR signaling in cancer cells2%:21,
Although the systemic roles of MDSCs in tumor progression have been intensively
investigated, their local impact on bone metastasis remain poorly defined.
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The rise of bone-tropic metastatic seeds in primary tumors

Before cancer cells embark on the metastatic journey, their fate and destination may already
be partly determined. The nonrandom distribution of metastases to specific organs is referred
to as metastatic organotropism, and is a long-standing clinical observation?2. The organs
frequently affected by breast cancer metastasis include bone, lung, brain and liver. Different
breast cancer subtypes exhibit largely different organ preferences: while luminal-like tumors
(mostly estrogen receptor positive [ER+]) tend to metastasize first to bone, basal-like tumors
(mostly ER—, progesterone receptor negative [PR-] and Her2-, also known as triple negative
breast cancer [TNBC]) aggressively disseminate initially to visceral organs, including the
lungs23-24, Moreover, visceral metastases usually occur within 5 years after surgical removal
of primary tumors. In contrast, ER+ bone metastases are often diagnosed after a much
longer latency, and the risk of late-onset bone metastases persists for years to decades?5:26.
This inter-subtype discrepancy remains largely unexplained.

Although at a lower frequency compared to ER+ breast cancer, bone metastases still occur
in TNBC. Our previous work (XZ) based on experimental metastasis models (Table 1, Box
2) suggests that SRC activity in TNBC cells may be linked to proclivity for bone metastasis
mainly through potentiating CXCR4 and/or IGFR-AKT signaling cascades in cancer cells.
The bone-specific role of SRC results from abundant expression of cognate ligands of
CXCR4 and IGF1R, which are CXCL12 and IGF1 respectively, secreted by stromal cells in
the BME 25, Interestingly, cancer cells with relatively higher SRC activity can be enriched
in primary tumors by Darwinian selection [G] (the major conceptual framework of our
understanding of the metastatic cascade??). when there is a similar enrichment of CXCL12
and IGF128, Therefore, the mimicry of bone cytokine milieu in the primary tumor may
pre-select metastatic seeds that might be ‘primed’ to survive and grow in the BME.

Cancer cells may also demonstrate “osteomimicry”, which refers to the evolution of cancer
cells to exhibit bone resident cell phenotypes 29:30, Osteomimicry mostly occurs in cancer
cells that have already metastasized to bone, and therefore represents a later step in the
journey. Of note, in orthotopic or subcutaneous tumors in mice, ectopic bone tissues were
occasionally observed3!, which suggests a osteomimicry-like process in non-bone tissues
seemingly independent of the presence of bone metastasis. How such a process in primary
tumors relates to later bone metastasis remains unknown. It is reasonable to hypothesize that
cancer cells undergoing osteomimicry and thus assuming bone cell phenotypes may confer
selective advantages on DTCs and drive bone-tropic metastasis.

Of note, genes and pathways mediating bone metastasis are not expected to confer selective
advantages in primary tumors as the interactions with bone have not yet occurred. The
microenvironmental pressure is not yet available at this point to drive bone-tropic genetic
selection or reactive adaptation. This is especially true for late-onset bone recurrences during
which metastases must undergo prolonged parallel evolution in bone, thereby allowing them
to become distinct from primary tumors. However, resemblance of the microenvironment
between primary and metastatic tumors may drive convergent evolution and result in
overlapping phenotypic profiles. Therefore, both the occurrences of seed pre-selection

Nat Rev Cancer. Author manuscript; available in PMC 2023 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Satcher and Zhang

Page 5

and/or osteomimicry are plausible hypotheses to explain the paradox that bone tropism is
predictable in primary tumors (Fig.1a).

The perivascular niche and metastasis dormancy

The first niche that DTCs encounter upon arrival in BME may play important roles in
determining the subsequent metastatic process. A study in prostate cancer showed that
inoculation of cancer cells to peripheral blood induced egress of HSCs from the bone
marrow32, which led to the hypothesis that DTCs and HSCs both share and compete for the
same niches. This hypothesis gained support from recent studies in experimental metastasis
models (Table 1) of breast cancer. Ghajar et al., demonstrated that DTCs (introduced by
intra-cardiac injection, see Table 1) stay close to blood vessels after extravasation. Moreover,
thrombospondin 1 (TSP1) produced by endothelial cells induced dormancy in DTCs 33,
Using the same approach, Price et al. corroborated this conclusion and elucidated that
endothelial cell-derived E-selectin and CXCL12 induced the migration of DTCs toward

the endosteal surface and the retention of DTCs at the perivascular niche, respectively34.
More recently, it was suggested that the perivascular niche renders cancer cells resistant

to chemotherapies through integrin signaling3®. Furthermore, perivascular NG2+ cells were
also shown to reinforce dormancy through secretion of TGFB236. Taken together, it has
become increasingly clear that the perivascular niche is the first foothold of DTCs in the
bone marrow and plays an important role in determining cancer cell fates (Fig. 1b).

Much remains to be discovered about cancer cell dormancy and the perivascular niche.
Additional pathways in cancer cells may induce dormancy, including those involving

LIFR and MSK1 through regulating STAT3 activities and cell differentiation status,
respectively37:38, Blood vessels and perivascular cells are highly heterogeneous in the

bone marrow as previously discussed. It will be important to determine what specific

type of blood vessels (i.e., arteriolar, H-type capillaries, or L-type capillaries) preferentially
constitute the niche of dormancy (Fig. 1b). This information may reconcile the seemingly
conflicting finding that vascular E-selectin stimulates mesenchymal-to-epithelial transition
and promotes proliferation of DTCs through WNT signaling3®. Thus, the understanding of
cancer-niche interactions will likely benefit from a deeper and more precise characterization
of the normal bone marrow microenvironment.

The osteogenic niche and metastasis outgrowth

In addition to the perivascular niche, other microenvironment niches may also regulate
the fate of DTCs. The endosteal surface of cortical bones and the surface of trabecular
bones harbor osteoblasts and represent sources of new bone. This region is termed the
“endosteal” niche and also hosts HSCs and other hematopoietic progenitor cells#041, We
[XZ] and others observed that bone micrometastases (BMMSs) are usually in close contact
with cells that have osteogenic potential including MSCs, osteoprogenitors, pre-osteoblasts
and osteoblasts, but not osteoclasts*244. Thus, we used the term the “osteogenic niche” in
this Review to collectively refer to these cell types. Using the intra-iliac injection-based
experimental metastasis model (Table 1), we [XZ] showed that the cancer-osteogenic
niche interaction was mediated by heterotypic adherens and gap junctions and stimulated
multiple pathways inside of BMMs, including mTOR and calcium signaling, which can
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drive proliferation of cancer cells#2:4345(Fig. 1c,d). Also, osteoblast-produced cytokines
(e.g., FGF2 and PDGF-DD) can induce epigenomic reprogramming via activation of EZH2,
which in turn confers stemness on BMMs in the context of ER+ breast cancer xenograft
models. Here, epigenetic changes were in part reflected by a transient and reversible loss
of ER expression and the emergence of a hybrid-EMT phenotype particularly in cancer
cells directly interacting with the osteogenic cells*® (Fig. 1c,d). Multiple other crosstalk
mechanisms between cancer cells and osteogenic cells were discovered, including tumor
derived JAGGED1-induced Notch signaling in osteoblasts which activated production of
TGFB and led to activation of osteoclasts (see later sections for more discussions)*’.
Interestingly, activation of the Notch pathway in cancer cells confered resistance of
experimental bone metastasis to chemotherapies in multiple xenograft models (Fig. 1c)
43, In addition, in an MSC-derived ex vivo model (Tablel, Box 2), MSCs produced
tenascin (TNC) upon interaction with cancer cells*8. TNC is a well-described stem cell
niche component? that signals through integrins to promote tumor progression 48:0,
Taken together, it has become increasingly clear that the osteogenic niche may foster
metastasis outgrowth, which represents one mechanism for activation of proliferation, or
the termination of dormancy.(Fig. 1d).

Many aspects of the osteogenic niche need to be better understood. Conditioned

medium of breast cancer-educated osteoblasts was shown to suppress tumor growth and
osteoclastogenesis i vitro®l, suggesting that the secretome of osteoblasts in culture produce
the opposing effect compared to observations /n7 vivo discussed above. Moreover, in multiple
myeloma bone metastasis, the osteogenic niche was shown to induce dormancy rather

than terminate it>2. Again, these seemingly conflicting observations may be explained by
differences in experimental models and/or the diversity of bone niches and the exquisite
spatiotemporal arrangement of the BME. In this regard, accurately mapping cancer-niche
interactions to a single cell resolution will significantly benefit bone metastasis research.

The vicious cycle and osteolytic bone metastasis

The hallmark of overt bone metastasis in breast cancer is the recruitment and activation

of osteoclasts through paracrine relay between cancer cells and osteoblasts. Specifically,
cancer cells can produce PTHrP, which induces osteoblasts to secrete RANKL53:54, The
RANKL- RANK pathway is a master regulator of osteoclastogenesis®®. Resorption of
bone matrix by osteoclasts leads to the release of TGF@ and IGFs, which reciprocally act
on cancer cells to stimulate further progression®6-58. Altogether, these processes form an
osteolytic vicious cycle (Fig. 1e). Many recently discovered pathways converge to regulate
this cycle and promote bone metastasis, including VCAM15? generated by tumors that
recruits osteoclasts, integrin signaling activated in cancer cells®%, RON signaling activated
by MSP in both cancer cells®! and osteoclasts®2, Notch signaling activated mutually between
cancer cells*” and osteoblasts*3, and IL-6 released by osteoblasts or senescent stromal
cells that activate osteoclasts*’:63. The osteolysis caused by metastasis leads to skeletal
related events (SRE), including bone pain, spinal cord compression, hypercalcemia, and
pathological fractures. Therapies targeting osteoclasts significantly improve patient quality
of life, thereby confirming the vicious cycle as a paradigm of late-stage bone metastasis®*
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(Fig. 1e,f). The molecular details of this paradigm have been increasingly elucidated in the
past few decades and have been summarized by excellent recent reviews®>:66.

Further dissemination from bone to other organs

Establishment of bone metastasis may not be the final step of the journey. In recent

studies collectively surveying over four thousand breast cancer patients, the first metastasis
diagnosed was found in a single organ rather than multiple organs in 74% of patients23:24:67,
However, while breast cancers of patients with different subtypes exhibit distinct metastatic
distributions 2324, autopsies of breast cancer patients revealed a high percentage of
metastases in multiple organs®-70. In fact, only 6% of patients had single organ
metastases®8, which led to the previous conclusion that “breast cancer was nonselective

in its metastatic targets”®°. These seemingly contradictory observations may be reconciled
by the function of the BME in invigorating a second wave of metastasis with reduced
organotropism (Fig. 1f).

The notion that cancer cells in bone can further disseminate has been indirectly suggested by
a few observations. First, the presence of DTCs in the bone marrow of patients with breast
cancer was associated with recurrences that are not restricted to bone’:72, Second, roughly
two-thirds of patients with bone-only metastases later developed other metastases’3: 74,
Third, in postmenopausal patients, adjuvant treatment with bisphosphonates, a bone-
targeting agent, was associated with a reduction of all distant metastases and improved
overall survival’®, especially in DTC+ patients’6:77. Although each of these observations
could have alternative explanations (e.g., bisphosphonates might have direct inhibitory
effects on metastatic cells in other organs), they collectively suggest that DTC and bone
metastasis are tightly associated with metastases in other organs, and therefore, might be the
source of further dissemination.

We recently demonstrated that the interaction with osteogenic cells can invigorate cancer
cells for further dissemination’8 Breast cancer-derived circulating tumor cells (CTCs) in
bone metastasis-carrying animals exhibited a stronger stem cell-like phenotype than those
in mice with orthotopic breast tumors or lung metastases. An evolving barcode system?9.60
was used to delineate the phylogenetic relationship among spontaneous metastatic lesions
in various organs, showing that at least a proportion of metastases in visceral organs

were closely related to bone metastases’8. Mechanistically, the BME induced transient
epigenomic reprogramming driven by EZH2and increased phenotypic plasticity of BMMs
compared to primary tumors and macrometastases in breast cancer models 46. Remarkably,
inducible knockdown of EZH2 in cancer cells did not alter growth of initial bone metastasis
but abolished further metastasis from bone’8. Together, this suggests that bone can serve as
a robust ‘launch pad’ for secondary metastasis, as opposed to a terminal destination, in the
metastatic cascade (Fig. 1g,h).

Of note, further metastasis from bone is a different process than tumor self-seeding or cross
seeding. Self-seeding refers to the observation that CTCs may return to seed their tumours of
origin, whereas during cross-seeding, CTCs infiltrate other pre-existing tumors in the same
host82, In contrast, bone metastases provide an environment enabling cancer cells to seed
other organs and establish secondary metastases de rnovo.
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The specific epigenomic reprogramming process behind secondary metastasis from bone
appears fundamentally different from the Darwinian selection known to drive tumor
progression. The latter usually operates on stable genetic traits and result in irreversible
changes in tumor clonal structures®2. In contrast, the reprogramming induced by BME
appears to be transient and reversible as shown using experimental bone metastasis
models of ER+ breast cancer#6. Numerous previous studies, including many referenced
earlier in this Review, suggested that Darwinian selection is the basis of organotropic
metastasis26:28:83-85 This concept may be accurate for the first wave of metastasis directly
from primary tumors. However, in recent studies we demonstrated a fundamentally different
metastasis process from bone6:78, Specifically, mice carrying established bone lesions of
breast and prostate cancers subsequently developed further metastases in multiple organs.
Interaction with the BME enabled multi-organ metastasis of cells that were initially
nonmetastatic and genetically homogeneous (immediately expanded from a single cell),
thereby ruling out Darwinian selection as the major driving mechanism. An evolving
barcode system facilitates the dissection of metastatic evolution and supports that many
metastases in non-bone organs may result from further spread of spontaneous bone
metastases. Significantly, targeting EZH2, an epigenomic modifying enzyme, in cancer
cells abolished the secondary metastasis from bone. Together, these findings suggest that
the adaptive epigenomic alterations induced in metastatic cancer cells in the bone marrow
may enable the second wave of metastasis with reduced organotropism as compared to

the first wave.Taken together, coordination of genetic and epigenetic mechanisms may
provide a more complete view of the metastatic cascade from localized primary tumors to
terminal-stage multi-organ metastases and may also reconcile two seemingly contradicting
observations in breast cancer care: strong organotropism of first-site metastasis?3:24 vs.
multi-organ distribution of metastases toward the terminal stage of diseases®8-70,

Missing links in the journey

Our knowledge of the bone metastasis journey is far from complete. A few key questions
need to be addressed to strengthen our understanding of the spatiotemporal evolution of
breast cancer cells in bone.

First, the relationship between different microenvironment niches needs to be better defined.
In particular, the perivascular and osteogenic niches both harbor cancer cells, raising the
question of how these niches are related to one another. There is considerable evidence
suggesting that they enforce different cellular fates of cancer cells (Fig. 2a,b). In particular,
the perivascular and osteogenic niches seem to be associated with cellular quiescence and
proliferation in breast cancer models, respectively33:3442.45 However, there is a lack of
consensus as to general roles of these niches in dormancy in different cancer types. For
instance, when murine and human multiple myeloma cells were intravaneously transplanted
into mice, osteoblasts in the osteogenic niche were observed to turn on the dormancy
program, whereas osteoclast activity could wake the dormant cells®288, Thus, the exact
roles of different niches may be cancer type-specific. A further question is whether these
different types of niches may be inter-convertible. For instance, the perivascular MSCs

may undergo osteogenic differentiation8”:88, thereby creating an adjacent osteogenic niche
and altering DTC fate?245 (Fig. 2c). In the case of breast cancer, the generation of a
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new osteogenic niche from perivascular MSCs may terminate DTC dormancy and initiate
metastatic colonization 4245, Finally, DTC fate may be altered through DTC relocation from
one type of niche to another. In breast cancer mouse models, perivascular MSCs co-localized
with dormant DTCs36. These MSCs may be activated by osteogenic signals released from
sites of bone turnover or injury and migrate to the site through chemotaxis3®. Indeed,

DTCs can form unique protrusions that tether to the migrating MSCs8. This co-migration
mechanism may allow DTCs to relocate from the perivascular niche to the osteogenic

niche (Fig. 2d). Taken together, the dynamics of various types of niches may profoundly
impact the course of bone colonization. The application of high-resolution, spatiotemporal
mapping of cancer-niche interactions will help distinguish the abovementioned possibilities
and reconcile many seemingly contradictory observations.

Second, the transition from asymptomatic to osteolytic bone metastasis needs to be
characterized. In breast cancer, bone metastasis often occurs late, as long as years to

even decades after primary tumor removal2>. The prolonged asymptomatic phase is poorly
understood. This phase likely occurs prior to the vicious cycle, which would otherwise lead
to severe symptoms. We know very little about the initiation of the vicious cycle. It has

been suggested that cancer cells can produce the soluble form of VCAML, thereby recruiting
osteoclast progenitors®. Interestingly, VCAMLI is a target gene of HIF1a in endothelial
cells 90, Thus, the accumulation of tumor mass in asymptomatic metastasis may exacerbate
hypoxia and activate HIF1a-VCAM1 signaling®®. Whether this signaling axis in cancer cells
and/or endothelial cells contributes to the initiation of the vicious cycle will need to be tested
in future investigations. In general, onset of the vicious cycle may represent termination of
dormancy. Therefore, any physiological or pathological cues that induce osteoclastogenesis
could potentially awaken dormant cancer cells. These cues and their underlying molecular
mechanisms need to be identified and therapeutically targeted.

Finally, the observation of further dissemination of bone metastases raises many

questions. Among these, the timing of dissemination may be the most urgent to address.
Hypothetically, dissemination could occur early when source bone metastases are still
microscopic. As a result, metastases diagnosed in other organs may be seeded from bone
rather than the primary tumor even if there are no overt bone metastases. Related to this
point, our data suggest that the size of metastases does not necessarily correlate with their
position in the phylogenetic hierarchy as indicated by evolving barcodes’8. This is consistent
with the notion that small bone lesions may already begin to spur metastatic seeds to other
organs. One provocative little understood association is the relationship between dormancy
and the second wave of metastasis. Like HSCs, cancer cells with stem cell properties are
often more quiescent but persistent®. Though requiring further validation, it is conceivable
that interaction with the BME may confer stemness on DTCs 46:78.92 \which may be
accompanied by dormancy. Thus, the potential for further metastasis may be harbored in
cancer cells that appear indolent. Further studies will be needed to reveal the trigger for
further dissemination and to determine how this event is related to the initiation of local
bone colonization. It also remains unclear whether the ability to empower further metastasis
is unique to bone. Recent genomic analyses revealed frequent metastasis-to-metastasis
seeding®394, Future studies and analyses with deeper sequencing and larger sample size
may help elucidate preferred sources of metastatic seeds.
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Bone metastasis of different cancer types

In what follows, we summarize the bone metastatic cascade for prostate cancer, kidney
cancer, and multiple myeloma. These cancers were selected in order to highlight

significant mechanistic and/or phenotypic differences. The role of bone specific adaption is
suggested by cancer type-specific differences in phenotypes of bone metastases (osteolytic,
osteoblastic, or mixed) and, as more recently observed, differences in resistance mechanisms
to bone targeted therapies.

The propensity for creating sclerotic metastases Multiple myeloma, as a marrow based
malignancy, introduces unique immunologic factors, while sharing features with kidney
cancer in creating almost exclusively osteolytic bone metastases.

Prostate cancer

Prostate cancer metastasizes predominantly to bone usually after development of castration
resistance®. Bone metastases of prostate cancer have many commonalities with those of
breast cancer, including clinical treatments®® and key roles of certain molecular pathways
(e.g., TGFP and IGF1)%6-98 (Fig. 3a). This is largely because the vicious cycle between
osteoclasts and prostate cancer cells, similar to breast cancer cells, is a major driver of

bone colonization®®. Moreover, we recently showed that disseminated prostate cancer cells,
like breast cancer cells, adhere to osteogenic cells and form heterotypic gap junctions

when inoculated into bone in mice. Interaction with the BME similarly invigorated further
metastasis to multiple organs’®. Despite these shared properties, bone metastases of prostate
cancer are predominantly osteosclerotic [G] with excessive bone formation outperforming
the excessive bone resorption99:190, Although our knowledge is still scarce, a few aspects of
prostate cancer biology have been uncovered to explain this uniqueness.

After prostate cancer cells reach the BME, they increasingly exhibit properties of
osteoblasts, including the secretion of osteoblast-characteristic molecules such as alkaline
phosphatase, , osteocalcin, osteopontin, and bone morphogenic proteins (BMPs) 101102 The
acquisition of these properties is referred to as “osteomimicry”, and is often stimulated by
osteoblasts. Osteomimicry of prostate cancer can be driven by cancer cell expression of
RUNX2 , a transcription factor regulating osteoblast differentiation103, RUNX2 expression
is negatively regulated by the PTEN-FOXO1 signaling axis'94.195, |n addition, prostate
cancer cells in the BME express cytokines, including WNTs196, pTHrP107 ET-1108 and
FGFs109, which are known to favor osteoblast proliferation and differentiation (Fig. 3b). In
particular, the WNT pathway plays important roles in regulating osteoblast differentiation
and function119. Prostate cancer cells can secrete WNT ligands to induce osteogenesis [G]
106 and may also activate intrinsic WNT signaling to promote invasion1, Thus, prostate
cancer cells ‘blend’ into the osteogenic environment, and seem to evolve to reinforce

and benefit from this environment. It was also recently shown in the C4-2B cell-based
intrafemoral injection (Table 1, Box 2) that prostate cancer cells can stimulate osteogenesis
in vivo by secreting BMP4 which induces endothelial cells to become osteoblasts!12,
Reciprocally, a recent study has shown that calvariae of new born mice (enriched with
osteoblasts) can secrete into conditioned medium multiple dormancy-inducing factors that
employ distinct signaling pathways in prostate cancer cells, including the p38MAPK
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signaling pathway!13. What remains to be elucidated, however, is how the osteogenic
transcriptional program is activated inside of prostate cancer cells in the bone milieu,
whether driven by genetic selection or epigenetic adaptation. Similarly notable is why
the osteomimicry phenomenon is so pronounced in prostate cancer and whether this
phenomenon may be underlying the strong bone tropism of prostate cancer metastasis.
Further research will be required to address these questions.

Compared with other cancer types, prostate cancer cells uniquely express a number of

genes such as those encoding prostate-specific antigen (PSA) and prostatic acid phosphatase
(PAP). PSA has been widely used as a biomarker to monitor tumor burden in patientsl14.
Interestingly, PSA is a serine protease. Its activities lead to activation of PTHrP115, TGFg116
and IGF1117  all of which play important roles in driving the osteolytic vicious cycle.

On the other hand, PAP stimulates osteoblast differentiation, increases collagen synthesis
and enhances expression of ALP 118119 The coordinated action of these prostate-specific
enzymes may further enhance abnormal osteogenesis and lead to osteomimicry (Fig. 3b).

Kidney cancer

RCCBMs have unique phenotypic aspects that distinguish them from breast and prostate
cancer. The bone metastasis from kidney cancer are almost exclusively osteolytic120-123 Qur
knowledge of the premetastatic niche that leads to this phenotype is more limited than with
breast and prostate cancer and is the focus of current work by our group and others124-127,
Moreover, little is understood about dormancy and the relative influences of the perivascular
versus osteogenic niches on metastatic progression. The interactions between kidney cancer
and bone resident cells during the end-stage of the vicious cycle promote bone destruction
that is more resistant to treatment with bone targeting agents, like bisphosphonates and
denosumab120:128.129 \whether this resistance results from Darwinian selection and/or
epigenomic reprogramming is unknown. Defining interactions between kidney cancer and
the microenvironment will be important for identifying targeted therapeutic strategies that
are more effective.

Similar to other cancers, kidney cancers express high levels of cadherin 11 and CXCR4,
which confer a predisposition for homing to the osteogenic niche30-132, However, it is
unclear whether disseminated kidney cancer cells form heterotypic adherens junctions
and/or heterotypic gap junctions with osteogenic cells, as is seen in breast cancer®.
Interestingly, the pathologic mechanism emerging for kidney cancer (Fig. 3c) appears to
share more commonalities with multiple myeloma, where osteocyte apoptosis and osteoblast
inhibition have been observed in patients with lytic bone lesions 133-135 The kidney cancer
‘vicious cycle’ in bone appears to be driven by interactions between kidney cancer cells
and osteoblasts as well as osteocytes, rather than osteoclasts'?4 (Fig. 3c). In the course of
investigating these unique aspects of kidney cancer bone metastasis progression, our group
(RS) showed that cabozantinib [G] , which has osteoanabolic activity, reversed osteoblast
inhibition and reduces SREs in a preclinical model36. This mechanism is consistent

with clinical observations of improved survival in patients with kidney cancer and bone
metastases treated with cabozantinib37-139, There are likely to be new treatment strategies
discovered as the kidney cancer vicious cycle in the osteogenic niche is further defined.

Nat Rev Cancer. Author manuscript; available in PMC 2023 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Satcher and Zhang

Page 12

Recent findings point to the osteogenic niche as an essential driver of treatment-resistant
bone destruction in RCC. Both preclinical studies and patient samples have demonstrated
increased osteocyte apoptosis (unpublished data RS) near lytic bone lesions promoted by
tumor secretion of BIGH3, a TGFp induced protein24. Until recently, BIGH3 was mostly
known for causing apoptosis in human retinal pericytes'40 and for being downregulated

in melorheostosis!41, a rare bone disease characterized by linear hyperostosis (excessive
osteogenesis). BIGH3 is not structurally related to the TGFB family, and is known to

bind to integrins and other extracellular matrix proteins in the BME that mediate cell
adhesion and migration142, BIGH3 is upregulated in kidney and colorectal cancer cellsl43,
In addition, BIGH3 inhibits differentiation of mature osteoblasts in vitro and in vivol44. In
normal bone biology, an osteolytic response is counterbalanced by bone formation10:145,
Pathologic osteolysis is thus promoted by impaired bone formation. In MM, inhibition

of bone formation by DKK1 (Dickkopf-related protein 1) secreted by myeloma cells in
the BME was found to contribute to induced osteolysisl46. Studies by our group have
highlighted the pro-osteolytic properties of BIGH3 in RCCBM. BIGH3 and IL-6 (similar to
breast cancer) secreted from tumor cells both: 1. inhibit osteoblast differentiation, thereby
reducing anabolic activity and the healing of osteolytic lesions; and 2. induce osteocyte
apoptosis, creating a premetastatic niche that is pro-osteolytic and potentially associated
with increased disease burden?31:136, The osteolytic environment is further promoted by
secretion of RANKL and PTHrP by both invading tumor cells and apoptotic osteocytes!31
(Fig. 3c).

In the perivascular niche, kidney cancer cells are likely spurred toward other organs.
Metastatic kidney cancer cells express high levels of CXCR4, a chemokine receptor, ,
indicative of an affinity for the perivascular niche and bone marrow space 147-149, And
although events are not well characterized, the response is a defining characteristic

of metastic disease. Kidney cancer metastases in most organs are hypervascular,

thereby inducing an angiogenic response during progression'50:151, For bone, this
angiogenesis appears to be essential for tumor growth. Indeed, treatments that target
neovascularization, such as embolization [G] , are frequently used in conjuction with
surgical intervention123.152_ |n patients, hypervascularity has been attributed to a common
mutation in the gene encoding the von Hippel-Lindau (VHL) E3 ubiquitin ligase which
normally interacts with and targets HIF-1a. for proteasomal degradation!®3, Mutation in

the VHL tumor suppressor gene leads to the stabilization of HIF-1a and initiates gene
transcription of its target genes, leading to up-regulation of several angiogenic factors

and growth factors®4155 Angiogenic factors that are highly expressed by kidney cancer
bone metastases include HIF-1a., VEGF, and angiopoietin-1122.131.156-158 The jmpact of
VHL-HIF signaling is not restricted to the initial tumorigenesis, but gets expanded to drive
further metastasis via epigenetic mechanisms!9. Further research is needed to determine the
role of the neovascular response in awakening dormant kidney cancer cells and/or promoting
their propagation to other distant organs.

Multiple myeloma

Multiple myeloma (MM) causes almost exclusively osteolytic lesions that frequently
lead to SREs such as pathological fractures, spinal cord compression, and the need for
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radiotherapeutic or surgical intervention13%. The hallmarks of MM bone disease include
both homotypic and heterotypic interactions in the BME that promote bone destruction

by dysregulating the normal homeostatic balancel69:161 Exclusive bone organotropism
distinguishes MM, with both regional and vascular spread to other bones, but rarely to
other organs. Further elucidation of the bone specificity of MM will help in understanding
why MM differs in secondary organotropism from other tumors, such as breast cancer, that
produce a second wave of metastasis to other organs from bone.

Similar to kidney cancer cells (Fig. 3d), myeloma cells are able to suppress osteoblast
function and induce osteocyte apoptosist33.135, During the progression of MM, osteocytes
directly interact with multiple myeloma cells that adhere to cells in the osteogenic niche
via the VLA-4/VCAM-1 integrin system13%.160, Such interactions stimulate osteocytes to
produce sclerostin, Dickkopf-1 (DKK-1), and RANKL160. This stimulates the recruitment
of osteoclast precursors and decreases Wnt signaling, thereby leading to the inhibition

of osteoblast differentiation34. Sclerostin is a protein secreted by osteocytes that

impedes activation of the canonical Wnt pathway, inhibits osteoblast differentiation and
mineralization, and induces osteoblast apoptosis'62, Direct interactions with myeloma cells
also induce osteocyte apoptosis, leading to the creation of a pre-metastatic niche for
myeloma cells134.162 This has been demonstrated in MM patients who have reduced
numbers of viable osteocytes and suppressed osteoblast activity133:135_ In addition, other
factors such as BIGH3 and its transactivator, KLF10 (Kruppel-like transcriptional factor
induced by TGFB) which are overexpressed in the BME in RCC143, are less well studied in
the BME with MM. Most evidence indicates that KLF10 is a tumor suppressor in MM, and
is down-regulated in both MM cell lines and patient samples'63, Overexpression of KLF10
causes myeloma apoptosis via the B-cateniin pathway163. Further work is needed to identify
whether KLF10 and BIGH3 are significant factors in osteolysis induced by MM.

A multilayered pathophysiologic mechanism creates the characteristic destructive bone
process. Notch signaling is induced by myeloma cells, which express Notch family and
Jagged?35 ligands in their membranes. The resulting pathway activation increases RANKL
production by myeloma cells164. In addition, osteocyte and osteoblast production of
RANKL amplify osteoclast activity and synergize with osteoblast inhibition . MM cells
also induce release of pro-osteoclastogenic factors, including IL-6135, 1L-11162 Activan
A6 and MIP-1a.166, Qverall, crosstalk between the bone resident cells and myeloma
cells, driven by bidirectional Notch signaling, promotes bone deconstruction and MM
proliferation.

Because MM is not a solid tumor and arises in the bone marrow as a malignancy from cells
of immune origin, it has unique immunologic properties that distinguish its progression.
Immunosuppression in the BME contributes to MM growth161:167_|n the presence of

MM, the BME is altered from the interplay between MM cells, mature osteoblasts, and
osteoclasts®2:86, Interactions with osteoclasts potentiate immune dysregulation, influencing
T-cell immunity, natural killer cell function, and the antigen presenting capacity of dendritic
cells!®8. Osteoclasts promote the expansion of T helper 17 (Th17) lymphocytes and myeloid
derived suppressor cells (MDSC), thereby inhibiting cytotoxic T and NK cells that target
MM cells6, Taken together, there is a loss of tumor specific lymphocytes (CD4+ T helper
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cells and CD8+ cytotoxic T cells), and a rise in immune suppressor cells in the MM
cell-containing BME. As a consequence, osteolytic lesions that arise in MM are treated with
strategies that differ from kidney cancer and other solid tumors, in that treatment options
include immunotherapy that enhances the host anti-myeloma immunity69.170 |n the last
5-10 years, treatment options introduced include immunomodulatory agents, proteasome
inhibitors, duratumumab (an anti-CD38 antibody), newer generations of monoclonal
antibodies, and CAR (chimeric antigen receptor)-T cells. The result has been substantial,
with a near doubling of 5-year relative survival rage in the last 20 years (increased from 32%
in 1996 to 55% in 2016)171172,

New therapeutic targets

Bone targeting therapies, such as bisphosphonates, were introduced in the late 1990s for
the purpose of improving clinical outcomes for patients with metastastic bone disease.
Their effectiveness is related to their ability to inhibit bone resorption. Accordingly, the
results of bisphosphonate therapy of patients with bone metastasis from breast, lung

and prostate cancers, and with multiple myeloma, have been positive, including reducing
the risk of fracture and bone pain 7>173-176 as well as prolonging progression free
survival and reducing mortality 173.177-179_ There is mixed evidence regarding whether
bisphosphonates extend overall survival 75:128.157,.175.178,180 | contrast, patients with
renal cell carcinoma (RCC) bone metastasis (RCCBM) have been relatively resistant to
bisphosphonate treatment!28:157.180 | recent years RCCBM has become the most common
solid tumor bone metastasis requiring surgical intervention for treatment and/or palliation
despite patients with RCC having a lower incidence of bone metastasis compared with
breast, prostate, and lung cancer patients'81:182, Because of the inconsistent treatment
response of RCCBM to bone targeted therapy such as bisphosphonates and denosumab
121,183 additional interventions for the purposes of palliation (rather than cure) are often
the only remaining option. Most often, these treatments include radiation for bone pain (in
nearly 80% of patients), and surgical intervention to treat or prevent an impending fracture
(28%) 183,184

Anti-resorption treatments can stabilize bone metastases by mitigating the vicious cyclel8°,
Two major classes of drugs, namely bisphosphonates and denosumab, are used to target
osteoclasts by inducing apoptosis!86:187 and preventing activation'88, respectively. Despite
their effectiveness of strengthening the bone and improving quality of life, they do not
significantly prolong overall survival of patients with bone metastases!8°, and about two-
thirds of patients with breast cancer and bone metastases later develop metastases in other
organs’374. Thus, additional therapies are urgently needed. In this section, we will discuss
novel potential therapeutic targets emerging from recent research.

Targeting dormant DTCs, asymptomatic BMMs and their niches

It has become increasingly clear that the vicious cycle is not initiated immediately upon
DTC arrival in the bone marrow. The asymptomatic stage of bone colonization may persist
for years or even decades in different cancer types2>:189, This stage may be divided into
two phases characterized by the presence of quiescent DTCs and proliferative BMMs,
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respectively. As previously discussed, the cellular and molecular status of these early-stage
lesions is determined by their interactions with different microenvironment niches.

There are two challenges in targeting DTCs and BMMs. First, clinical information from
corresponding primary tumors may not be applicable to these populations. DTCs and BMMs
only represent a small fraction of cells residing in primary tumors. Moreover, cancer-niche
interactions provide therapeutic resistance and vulnerability not seen in primary tumors.

For instance, gap junctions between cancer cells and osteogenic cells provide a channel for
calcium flux into the former and result in activation of calcium signaling and unexpected
therapeutic sensitivity to arsenic trioxide?>. ER+ breast cancer cells may transiently lose
their ER expression and acquire endocrine resistance under the influence of the osteogenic
cells*6. The integrin-mediated signaling between the perivascular niche and DTCs causes
resistance to chemotherapies3®. These findings implicate new targets to disrupt cancer-niche
interactions, and treating these targets may eliminate DTCs and BMMs either directly or
through sensitization to traditional therapies. The second challenge in targeting DTCs and
BMMs is their “invisibility” to current diagnostic technologies, which makes it difficult

to define clinical endpoints in adjuvant settings other than overt recurrencel. Since
recurrences often occur years later and in only 20-40% of patients?®, clinical trials would
need to recruit many patients with long follow-up times to capture enough events. To
overcome this challenge, biomarkers that distinguish patients with high recurrence risk are
urgently needed.

Recent studies have started to reveal potential therapeutic targets to abolish the tumorigenic
capacity of DTCs and BMMs. For example, E-selectin based on its role in inducing
phenotype plasticity in cancer cells as discussed above might serve as a potential target

39, Blockade of E-selectin activity might force DTCs to remain dormant. Notably, a

small molecular inhibitor of E-selectin is being investigated for treatment of leukemial9Z.
(Fig. 4a). As previously mentioned, osteoblasts and their progenitor cells provide several
targetable mechanisms to drive metastasis progression, including the activation of mTOR
by heterotypic adherens junctions, calcium signaling by gap junctions, Notch signaling

by Jagged-1, and EZH2 by FGFR and PDGFR signaling. Indeed, pharmacologically
inhibition of mTOR, adherens junctions, calcium signaling and gap junctions impeded bone
colonization in experimental metastasis models#2:43:45-47.78,192 (Fjq . 3p).

Another therapeutic strategy is to reinforce dormancy without necessarily killing DTCs
and/or BMMs. Toward this end, agonists of TSP1 signaling are compelling potential
therapies. Although TSP1 agonist mimetic peptides have been available, and may be
exploited in metastatic models93(Fig. 4a). As discussed earlier, the conversion or alteration
from perivascular to osteogenic niche may terminate dormancy and initiate proliferation
(Fig. 2). Osteogenesis may be a major driving force of the initiation of proliferation

upon dormancy termination, either as part of normal bone turnover or bone repair/
remodeling. Therefore, it is conceivable that perturbation of osteogenesis may affect
outgrowth of DTCs and/or BMMs. Indeed, this notion is consistent with the observation
that bisphosphonates (which inhibit bone turnover!®4) reduce breast cancer metastases
specifically in postmenopausal women?>, in whom bone turnover is increased 19, The
termination of dormancy may also be mediated by a number of signals, including soluble
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VCAML1 produced by cancer cells®® (Fig. 4b) and periostin [G] produced by endothelial

tip cells [G] 33. These molecules represent potential targets to keep DTCs dormant.
Specifically, VCAML1 signals through a4 integrin, which can be blocked by monoclonal
antibodies or small molecular inhibitors1?. For periostin, a monoclonal antibody targeting
the cancer-specific isoform has recently been applied to xenograft models of breast cancer
and exhibited efficacies in combatting chemoresistancel®?. Although promising, the above
agents have not been tested in models of metastasis dormancy. Moreover, the metastasis
preventative strategy entails persistent long-term treatment, which may be challenging in the
clinical setting.

Finally, dormant DTCs may be eradicated after being mobilized through perturbation of
important niche components. Since DTCs and HSCs share common niches, strategies to
mobilize HSCs can also stimulate DTCs to leave their niches. Administration of G-CSF,
which can mobilize HSCs, increased leukemic stem cells (LSCs) in the circulation of acute
myeloid leukemia 198 and patients with breast cancer®. Similarly, both HSCs and DTCs
express CXCR4, which mediate their homing and retention to the niche. The cognate ligand
of CXCR4, CXCL12, is highly expressed by niche cells. Consistent with this roles in

HSCs, , perturbation of the CXCR12-CXCR4 axis by a CXCR4 inhibitor (AMD3100) and
in prostate cancer and lymphoblastic leukemia models resulted in release of cancer cells into
circulation32200, |n combination with other therapies, this mobilization can lead to effective
elimination of dormant and therapy-resistant cancer cells201,

Targeting the vicious cycle

Several pathways were recently discovered to participate in the vicious cycle mainly through
driving osteoclast differentiation and functions. The RON kinase is expressed by both bone
metastatic cells of breast cancer and osteoclasts. A specific RON inhibitor is currently

being tested in clinical trials®2 (NCT03292536) (Fig. 4c). Inside of osteoclasts, the SRC
kinase promotes the transduction of signals toward differentiation202 and production of
bone-degrading enzymes23, As a result, inhibition of SRCmay achieve dual inhibitory
effects on both cancer cells and osteoclasts, thereby representing a possible strategy to
impede the vicious cycle. This hypothesis has been validated in pre-clinical metastasis
models of breast cancer (both experimental metastases based on intra-cardiac injection

and spontaneous metastases from orthotopic tumors, see Table 1 and Box 2) via genetic
knockdown of SRC178 or application of a SRC inhibitor, dasatinib26. Notch signaling
mediates crosstalk between cancer cells and osteoblasts and renders cancer cells resistant

to chemotherapies as part of the vicious cycle?”-8. A therapeutic antibody against Jagged-1,
the pertinent Notch ligand, represents a promising agent to block bone metastasis*3.
Likewise, integrin B3 is induced in cancer cells by the BME, mediates chemo-resistance
and may be targeted by nanotherapy89, possibly through interaction with fibronectin (Fig.
4d). Senescent osteoblasts produce IL-6 to promote osteoclastogenesis and bone metastasis
progression of breast cancer cells®3. The stromal components other than osteoclasts and
osteoblasts may also play important roles in facilitating the vicious cycle. Inhibition of the
p38MAPK/MK2 pathway in stromal cells by small molecule inhibitors could also limit bone
metastasis progression of breast cancer in mice 204, TGFp plays pivotal roles in multiple
stages of colonization including early dormancy (Fig. 4a) and later vicious cycle, although
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the directions of effects may not be consistent. Nevertheless, TGFp signaling has been
targeted in myeloma pre-clinical models with the neutralizing antibody 1D11 which exhibits
efficacy in combination with other therapies 20°.

A common challenge for all above therapies is potential toxicity due to the pleotropic roles
of the targeted pathways. The acidic environment and the positively charged bone matrix
may be leveraged to overcome this challenge. For instance, conjugation with negatively
charged bisphosphonates can significantly enrich antibodies and chemical inhibitors in the
BME, thereby reducing drug effects on other organs206-208,

Immunotherapies

The bone marrow has unique immunological properties as it is where all immune

cells are produced. For example, immature immune cells, especially myeloid cells, may
negatively impact adaptive immunity. Moreover, the high level of TGF in the bone
marrow may also blunt immune responses. Therefore, it is reasonable to hypothesize that
the BME is immunosuppressive. In support of this notion, retrospective analysis suggests
that patientsof triple negative breast cancers with bone metastases respond poorly to
combined atezolizumab, an immune checkpoint inhibitor, and nab-paclitaxel, despite overall
significant responses in all patients209, Similarly, ipilimumab exhibited limited effects on
castration-resistant prostate cancer?10, which may be due to skewing of T helper subsets
toward the Th17 subtype under the influence of TGFB21L. Future studies will be needed
to further characterize the immune microenvironment in the bone marrow and to better
understand how this microenvironment may affect responses to immunotherapies in bone
metastasis.

Conclusions and perspectives

The colonization of DTCs in bone is driven by intimate interactions between cancer cells
and the spatiotemporally dynamic environment. DTC fate regulation may be achieved
through intricate organization of microenvironmental cells of various lineages and subtle
differences between cells of the same lineage. Both normal homeostasis and pathological
repair and/or remodeling induce reorganization and reprogramming of bone cells, which
may in turn impact bone metastasis progression. Thus, future investigation of bone
metastasis will benefit from approaches that can precisely map the BME at a single-

cell resolution. Complementarily, real-time intra-vital imaging will be needed to provide
information about temporal dynamics of cancer and bone cells. Taken together, multi-
dimensional models of bone colonization need to be established in order to fill the missing
links of a cancer cell’s journey toward, within, and beyond BME .

In addition to exerting pressure for genetic selection, the BME also seems to

trigger adaptation of cancer cells through epigenomic reprogramming. Interestingly, the
reprogramming appears to cause a de-differentiation process and render metastatic cells
more stem-like. As a result, the BME may fuel further metastasis to other organs, as
demonstrated in pre-clinical models#:78, This hypothesis will need to be tested in more
models and detailed mechanisms will need to be elucidated. However, it is compelling
to notice that the reprogramming may be in part driven by EZH2 46.78, EZH2 inhibitors
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are currently under clinical investigations?12. Future studies will be needed to further
characterize this process, in terms of the onset, kinetics, reversibility, and exact molecular
drivers. Clinically, it will be interesting to examine if EZH2 treatment can prevent patients
with bone-only metastases from developing other metastases. If invisible bone metastases
already begin to seed other organs, the treatment may even apply to all patients to stop the
potential spread from bone. It also remains to be determined if specific microenvironment
niches in other metastatic sites can cause similar effects. The compound actions of clonal
selection and epigenetic reprogramming may lead to more complicated metastatic evolution,
which has been suggested by recent genomic sequencing studies.

Despite many commonalities, overt bone metastases of different cancer types exhibit
important distinctions. For instance, strong osteomimicry and pivotal roles of osteocytes

in the vicious cycle distinguish bone metastases of prostate cancer and kidney cancer,
respectively. It is important to understand how various cancer types evolve to utilize different
pathways and microenvironment factors to facilitate bone colonization. This knowledge

may explain distinct therapeutic responses such as the resistance of kidney cancer to
bisphosphonates and denosumab. Although it is difficult to compare cancer cells of different
origins, their impact on various cell types in the microenvironment may be readily compared
to delineate cancer type-specific interaction mechanisms.
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Box 1:
The multi-dimensional view of bone microenvironment
Spatial organization of bone

In long bones, osteoclasts, osteoblasts and their precursors are predominantly localized at
the surface of cortical bones (termed endosteum) and trabecular bones, which constitute
the “endosteal” or “osteogenic” nichel. Differentiated osteocytes are embedded into the
bone matrix. Mesenchymal stem cells (MSCs), the multipotent stem cells of osteoblasts,
chondrocytes and adipocytes, are usually found adjacent to blood vessels, or the
“perivascular” niche. Hematopoietic stem cells (HSCs), on the other hand, were found to
be in both osteogenic and perivascular niche224-226,

The blood capillaries can be divided into two types: H and L. Type H capillaries are
localized to metaphyseal regions as well as in parallel to the endosteal surface. In
contrast, Type L capillaries are mostly within diaphysis and are sinusoidal?27:228,

Furthermore, arteries, arterioles, Type-H, and Type-L capillaries are surrounded by
perivascular cells that express different markers3229.230Besides MSCs, there is a distinct
class of perivascular cells in the bone marrow, namely CXCL12-abundant-reticular cells
(CARs)231-233_gingle cell RNA-seq defined subsets of CARs with transcriptomic profile
characteristic of osteogenic cells or adipocytes. They preferentially localize to arteriolar
and sinusoidal vessels, respectively, and can shape the local microenvironment through
cytokine secretion?34,

Although most studies implicate the perivascular niche as the major location of HSCs,
there are debates as to whether the adjacent vasculature is arteriolar or sinusoidal#225.235,
The endosteal niche was also suggested to host engrafted HSCs#?. Perivascular and
endothelial niches may be physically close to one another and even share some

niche components due to the coupling between angiogenesis and osteogenisis?28.
Furthermore, megakaryocytes may also provide a unique HSC niche and maintain HSC
quiescience236-239,

Temporal dynamics of bone

In addition to the daily production of blood cells by the bone marrow, it is estimated

that 5-25% of all skeleton is replenished every year in healthy adults240 with osteoclasts
absorbing old bone and osteoblasts depositing new bone?4. Pathological conditions can
significantly impact bone turnover. For instance, diabetes and obesity both increase
resorption of old bones and decrease formation of new bones242-244, In particular,

bone fracture induces a healing process involving development of hematoma, acute
inflammation, resolution of inflammation, formation of soft callus in association with
neoangiogenesis, growth of woven bones (newly formed bone), and finally remodeling of
woven bones to healed bones245:246,

Taken together, bone is exquisitely organized and agilely dynamic. Therefore, the BME
needs to be investigated in a well-defined spatiotemporal context.
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Box 2.

Limitations of current models will need to be overcome with innovation of
new models.

Immunocompetent vs. immunocompromised models.

Findings in the current literature are predominantly based on transplanation of human
cell lines to immunocompromised hosts, which severely limits our ability to investigate
the roles of immune cells in bone colonization. Only a couple of available murine cell
lines spontaneously metastaize to bones, including AT378 and 4T1.2247. Considering the
unique immune milieu provided by the bone marrow, it is imperative to develop more
syngeneic models to allow systematic characterization of the mutual impact of cancer
cells and the BME. This need is especially urgent for certain tumor types or subtypes
exhibiting stronger bone tropisms, e.g., prostate cancer and ER+ breast cancer.

Patient-derived xenograft (PDX) vs. cell lines

Cell lines maintained in culture are subjected to artificial selective pressures and may
genetically drift to lose pathologically relevant heterogeneity. PDXs can overcome this
caveat to some extent248. A challenge for establishing PDX models of bone metastasis,
aside from the rareness of metastatic tissues, is the need for orthotopic transplantation,
which in this case is to bone rather than breast. This is presumably important for

the maintenance of the critical cancer-microenvironment interaction?4°. A robust and
efficient pipeline will need to be developed toward this end in future research.

In vivo vs. ex vivo models

The BME can be partially recapitulated ex vivo. In the simplest case, osteogenic cells can
be co-cultured with cancer cells in 3D suspension media®2. Interestingly, this admixture
forms heterotypic organoids with the two cell types either well intermixed or organized
into a shell-core structure. Cell-cell interactions can be dissected using the 3D organoids.
Bone fragments can also be used ex vivoto host cancer cells192. When seeded to
appropriate scaffolds and stimulated by specific cytokines, osteocytes can differentiate
into osteoblasts and become minimized to mimic the BME#8:250.251 \yhich can provide
cancer cells with a representative environment. The ideal ex vivo models will need to

be scalable and inclusive of major bone and bone marrow components, including the
mesenchymal lineage, hematopoietic lineage, and endothelial cells. Compared to /in vivo
models, the ex vivo platforms are more amenable to molecular manipulation and high
throughput screening. Importantly, the ex vivo setting will also allow utilization of human
cells so that cancer-niche interactions can be studied in a human-human setting.

Hematopoietic stem cells (HSCs):

Cells that are multipotent and responsible for production of all blood cells.

Mesenchymal stem cells (MSCs):

Cells that are multipotent and responsible for production of mesenchymal cells, including
osteoblasts, chondrocytes, adipocytes and fibroblasts.
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Perivascular niche:

The microenvironmental location adjacent to a blood vessel. The components include
endothelial cells, pericytes, and HSCs. The pericytes exhibit MSC activities.

Endosteal niche:

The microenvironmental location at the endosteal surface. It is enriched with osteoblasts,
osteoprogenitors as well as osteoclasts. Transplanted hematopoietic stem cells often
adhere to this niche.

Osteoblastic niche:

The microenvironmental location enriched with osteoblasts. It overlaps with the endosteal
niche but more restrictively refers to locations adjacent to osteoblasts.

Osteogenic niche:

The microenvironmental locations including endosteum and trabecular bones, where
osteogenesis occurs. It is enriched with osteoblasts and precursor cells. It overlaps
with the endosteal niche, but also includes trabecular bones while lacks the osteoclast
component by definition.

The pre-metastatic niche:

Potential destination of metastasis in distant organs before the actual arrival of metastatic
cells. It is different from normal tissue because of interactions with bone marrow-derived
cells stimulated by primary tumors.

Metastasis organotropism:

The observations that metastasis does not occur randomly to all organs but rather
preferentially affects a specific set of distant organs.

Seed-and-soil hypothesis:

Stephen Paget first postulated that metastatic seeds spread throughout the organism but
only colonize in congenial soil. This hypothesis has been used to explain metastatic
organotropism and provides a conceptual framework to study cancer-environment
(analogous to seed-soil) interactions.

Epithelial-to-mesenchymal transition (EMT):

A process through which epithelial cells lose cell-cell adhesions and other epithelial
traits but acquire mesenchymal characteristics, including migration and invasion. Recent
studies demonstrate that EMT is a continuum and there exists a hybrid status with both
epithelial and mesenchymal features. The hybrid EMT phenotype has been linked to
cancer stemness, or the ability to regenerate a tumor.

Phenotypic plasticity:

The potential of a cell to alter its phenotypic characteristics in response to environmental
stimuli. The ability to switch between epithelial and mesenchymal phenotypes is
considered one example of phenotypic plasticity.
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Osteoblasts:

Cells that are responsible for synthesis and mineralization of new bones during
development and bone remodeling. They are derived from mesenchymal linage, usually
localize at the surface of bone matrix and can differentiate into osteocytes.

Osteoclasts:

Cells that are responsible for resorption of bones. They are derived from myeloid cell
lineage. Matured osteoclasts are multi-nuclear and function in close coordination with
osteoblasts.

Osteocytes:
Cells that are derived from osteoblasts and become embedded into the bone matrix.
H-type capillaries:

Vascular networks in the bone marrow that continue from arterioles and precede sinusoid
vein vessels. They are surrounded by osteoprogenitor cells and couple osteogenesis and
angiogenesis.

L-type capillaries:

Sinusoid veins that continue from the H-type capillaries and converge on central vein in
the medullar cavity of bone marrow.

Osteogenesis: The process of osteoblast and osteocyte differentiation and
formation of new bones.

Osteosclerosis: Bone abnormality characterized by excessive hardening of bone and an
increase of bone density.

Darwinian selection: An evolution process during which individuals with greatest
fitness among a population survive the selective pressure exerted by the environment. In
cancer biology, it was adopted to understand how cancer cells with the most enabling
genetic traits progress and expand over other cancer cells under the selective pressure
from the microenvironment.

The endothelial tip cells: Cells as part of the endothelium that sprout branches of blood
vessels.

Periostin: An extracellular matrix component encoded by the POSTN gene. It is a
ligand of integrins and plays important roles in the niche supporting normal and cancer
stem cells.

Cabozantinib: is a small molecule inhibitor of the tyrosine kinases c-Met, VEGFR2,
AXL and RET. It is approved to treat medullary thyroid cancer, renal cell carcinoma, and
hepatocellular carcinoma.

Embolization: Blockade of blood vessels by an agglomerate of cancer cells or other
substance.
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Figure 1. The journey of DTCs toward bone metastasis and beyond.
a. Metastatic organotropism may be encoded by genetic traits and arise in primary tumors by

various mechanisms.

b. Blood vessels may provide the first foothold for disseminated tumor cells (DTCs). The
vasculature in the bone marrow is highly heterogeneous. Most notably, the capillaries can be
classified into the H-type, which connects to arterioles, and L-type, which connects to veins.
Type H capillaries are localized to metaphyseal regions as well as in parallel to the endosteal
surface. In contrast, Type L capillaries are mostly within diaphysis and are sinusoidal.
Endothelial cells in Type H and Type L capillaries express high and low level of CD31 and
endomucin, respectively. The perivascular niches harbor dormant DTCs. H-type and L-type
vessels may represent different niches with both endothelial and perivascular cells differing
from one another. TGFR2 produced by perivascular mesenchymal cells and TSP1 produced
by endothelial cells may mediate cellular quiescence of cancer cells. The counteraction
between CXCL12 and E-selectin may also determine the fate and positioning of cancer cells
relative to the niche. The perivascular mesenchymal cells possess mesenchymal stem cell
(MSC) activities and may contribute to osteogenesis.

c. The osteogenic niche promotes progression of DTC toward micrometastases through
multiple mechanisms, including direct interaction by heterotypic adherens junctions (hAJs),
gap junctions (GJs), and Notch signaling. The osteogenic cells may also secrete TSC,

which activates integrin signaling. Furthermore, paracrine signaling of FGF2 and PDGF-DD
produced by the bone microenvironment enhances the phenotypic plasticity of cancer cells.
d. As micrometastases grow, cancer cells that remain adjacent to osteogenic cells may
maintain their plasticity whereas those that are pushed away may revert to a more
differentiated status.

e. Recruitment and activation of osteoclasts start the vicious cycle and drive the progression
toward osteolytic macrometastases. This is the phase that causes symptoms and leads to
diagnosis in the clinic.
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f. The interaction with osteogenic cells leads to increased cancer cell stemness and
phenotypic plasticity, which may fuel further dissemination to multiple other organs.
The second wave of metastasis from bone may be less organotropic, which is distinctive
from the initial wave of metastasis.
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Figure 2. The possible relationship between different microenvironment niches during early-
stage bone metastasis.

a. The vascular network in the bone marrow is in close proximity to trabecular bones and
endosteum, where osteogenic cells localize. The perivascular niche and osteogenic niche
may have a few possible relationships during bone metastasis.

b. Model 1: The two niches may compete for DTCs. DTCs localize to the perivascular
niche and osteogenic niche, after which they may enter dormancy or begin proliferation,
respectively.

c. Model 2: The perivascular mesenchymal cells of Type H vessels possess MSC activities
and may differentiate into osteogenic cells. Therefore, /n situ differentiation may create

a new osteogenic niche adjacent to perivascular niche, and may terminate dormancy and
trigger proliferation of cancer cells.

d. Model 3: Dormant DTCs and quiescent MSCs co-localize in the perivascular niche. Bone
homeostasis or pathological bone injuries release osteogenic signals to mobilize MSCs.
Cancer cells may form specialized protrusions to attach to MSCs that are undergoing
chemotaxis toward the source of osteogenic signals. Upon arrival, the MSCs differentiate
into osteoblasts. The associated cancer cells remain in the newly formed osteogenic niche
and begin proliferation.
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Figure 3. The relationship between primary tumor and the vicious cycle of late-stage bone
metastasis in different cancer types.

a. For breast cancer, DTCs awaken from dormancy to create osteolytic macrometatases by
both paracrine and heterotypic hAJ and gap junction interactions in the osteogenic niche,
which directly and indirectly stimulate osteoclast recruitment and activation. Osteoclast
activity, in turn, releases TGFp, IGF1, Ca++, and other growth factors from bone that further
stimulate tumor proliferation. This is the classic ‘vicious cycle’.

b. For prostate cancer, osteomimicry of DTCs in the osteogenic niche harnesses both

the anabolic and lytic components of normal bone homeostasis, leading to osteolysis
(PSA) and/or osteosclerosis (PAP). Tumor cells induces osteosclerosis via secretion of
osteogenic factors such as ALP, osteocalcin, osteopontin, and BMP4. Osteolysis is induced
via secretion of PTHrP, ET1, and IGF1. This global alteration toward bone-like phenotypes
may be driven by RUNX2. The underlying genomics of osteomimicry, and why it is not as
predominant in other tumor types is not known.

c. For kidney cancer, the road to bone destruction is more indirect than breast or

prostate cancer, and resembles that for multiple myeloma. DTCs create a vicious cycle

via paracrine inhibition of osteoblast function, and osteocyte apoptosis. Consequently, the
adverse impact on the anabolic component of the osteogenic niche creates an environment
that increases the RANKL/OPG ratio, promoting osteoclast recruitment and activity that
creates predominantly lytic macrometastases. The details of interactions in the perivascular
and osteogenic niche are likely tightly linked, as neovascular induction is a prominent
component of kidney cancer bone metastasis.
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d. Multiple myeloma (MM) is remains almost exclusively bone organatropic. Interactions
in the osteogenic niche are driven by crosstalk between multiple myeloma cells and
osteocytes, osteoblasts, and osteoclasts. Osteolysis is induced via secretion of RANKL by
MM cells, and amplified by RANKL from apoptotic osteocytes, and inhibited osteoblasts.
Immunosuppression enabling MM proliferation and progression is provoked by immune
dysregulation, influencing T-cell immunity, natural killer cell function, and the antigen
presenting capacity of dendritic cells; and via MDSC (myeloid derived suppressor cells)
amplification by osteoclasts.
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Figure 4. Emerging therapeutic targets in bone metastasis.
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a) Molecular crosstalk between cancer cells and perivascular niche cells including

endothelial cells and pericytes.

b) Therapeutic targets in differentiation of osteoclast progenitor cells into matured

osteoclasts.

c) Direct cell-cell interactions and paracrine between cancer cells and osteogenic cells.
d) The integrin pathways mediating interaction between cancer cells with extracellular

matrix during bone metastasis.

The dotted circle indicates the paradigm of vicious cycle that includes secretion of PTH and
PTHTrP by cancer cells that activates osteoblasts, the secretion of RANKL by osteoblasts that
drives osteoclast differentiation, and the release of TGFP and IGF1 from bone matrix upon
bone resorption that reciprocally promotes cancer cell progression. Molecules with targeted
therapies available are highlighted with reticle signs.
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Table 1:
Experimental models of bone metastasis
Transplantation Cancer types Pros Cons
routes
Direct injection | Left Breast, prostate, . Non-invasive Bypass the early steps of
into circularion ventrical85213 renal, colorectal, procedures. metastasis cascade.
(experimental lung, head and .
metastasis neck, multiple . Cancer cells Introduction of non-bone
models) myeloma, ... distributed to metastases that often shorten
multiple bones. animal survival.
High experimental variability.
Uncapable of delineating
further metastasis from bone.

Tibia or femur Breast, prostate, . Robust delivery Bypass the early steps of

bones?14 renal, colorectal, of cancer cells. metastasis cascade.
lung, head and i . . .
neck, multiple . Restrict cancers Highly invasive procedures
myeloma, ... relatively that introduce confounding

specifically to tissue injuries.

tibia or femur

bones. A large number of cancer
cells escaping to veins.

Illiac artery#2215 Breast and . Precise delivery Bypass the early steps of
prostate of cancer cells to metastasis cascade.

one hind limb. .

Difficult to learn.

. Amenable to

quantiative Low throughput.

studies of early-

stage bone

colonization

events.
. Amenable to

tracking further

dissemination

from the hind

limb to other

organs including

the contralateral

hind limb.

Caudal artery?16 Breast, prostate, . Precise delivery Bypass the early steps of
renal, lung, of cancer cells to metastasis cascade.
osteosarcoma... both hind limbs.

. Amenable to
quantiative
studies of early-
stage bone
colonization
events.
. Easy to learn.
Othtopic Mammary fat Breast . Complete Extremely high experimental
injection pad?t metastasis variability.
(spontaneous cascade. i
metastasis) Nipple2!8 Breast Nonsynchronous metastasis
— difficult to delineate and
Prostate?19 Prostate quantitatively study different
temporal steps in metastasis.
220
Renal capsule Renal Animals often die of
Rectal?2t Colorectal metastases in other organs

before bone metasases fully
develop.
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Transplantation
routes

Cancer types

Pros

Cons

LUn9222’223 Lung
Perimaxillary Head and neck
gingival

submucosa

Difficult to track further
metastasis from bone.
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