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Simple Summary: This review describes how osteocytes, the most abundant cells in bone, act in
cancers that grow in bone. It summarizes how cancer cells reprogram osteocytes to participate in
processes associated with tumor growth, cancer cell survival, migration, angiogenesis, and bone
destruction. These changes ultimately facilitate the spread of cancer in the bones and promote bone
disease. It also discusses some of the identified signaling pathways mediating these processes and
the therapeutic strategies to target them.

Abstract: The tumor microenvironment plays a central role in the onset and progression of cancer
in the bone. Cancer cells, either from tumors originating in the bone or from metastatic cancer cells
from other body systems, are located in specialized niches where they interact with different cells of
the bone marrow. These interactions transform the bone into an ideal niche for cancer cell migration,
proliferation, and survival and cause an imbalance in bone homeostasis that severely affects the
integrity of the skeleton. During the last decade, preclinical studies have identified new cellular
mechanisms responsible for the dependency between cancer cells and bone cells. In this review, we
focus on osteocytes, long-lived cells residing in the mineral matrix that have recently been identified
as key players in the spread of cancer in bone. We highlight the most recent discoveries on how
osteocytes support tumor growth and promote bone disease. Additionally, we discuss how the
reciprocal crosstalk between osteocytes and cancer cells provides the opportunity to develop new
therapeutic strategies to treat cancer in the bone.
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1. Introduction

Bone is a highly dynamic tissue continuously resorbed by osteoclasts and formed by
osteoblasts to maintain tissue homeostasis and integrity. This process, known as “bone
remodeling,” requires the coordinated and balanced action of bone resorption and forma-
tion. Osteocytes, long-lived descendants of fully differentiated osteoblasts, orchestrate
bone remodeling [1-3]. During the activation phase of bone remodeling, osteocytes de-
tect microdamage and initiate local bone resorption [1,3,4]. Although the cellular and
molecular mechanisms are not fully deciphered, osteocyte apoptosis contributes to a
cascade of events that result in the formation of a canopy that encloses the bone remod-
eling compartment [2,5]. Osteocyte apoptosis can also locally increase the expression of
pro-osteoclastogenic genes, such as RANKL, M-CSF, or HMGB]1, generating a microen-
vironment that favors the recruitment and differentiation of osteoclasts [2,4,6-8]. Once
osteoclasts mature, the bone resorption phase occurs. In this process, osteoclasts create a
resorption pit as they secrete hydrochloric acid, cathepsins, tartrate-resistant acid phos-
phatase, and matrix metalloproteinases (MMPs). These enzymes work together to break
down the crystalline hydroxyapatite and organic matrix compounds [4,9]. Following bone
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resorption is the reversal phase of bone remodeling, in which resorption switches to forma-
tion. In this phase, osteoclasts supply coupling factors that recruit osteoblast precursors to
the resorption pit. During this phase, Wnt signaling is activated, stimulating osteoblasto-
genesis and mature osteoblasts’ bone-forming function [10]. In addition to their ability to
initiate local bone resorption, osteocytes also regulate bone formation through the secretion
of sclerostin and DKK1-1, potent Wnt signaling antagonists and inhibitors of osteoblast
differentiation/function [10]. Mature osteoblasts synthesize and secrete osteoid, a matrix
enriched in type 1 collagen [9]. Finally, during the termination phase of bone remodeling,
osteoblasts either undergo apoptosis, become lining cells covering inactive bone surfaces,
or differentiate into osteocytes [9].

The bone provides fertile soil and a complex biological system for cancer cells to
thrive. Cancers that start in the bone are known as primary bone cancers. Primary bone
cancers are uncommon, occur from cells present in bone tissue, and include osteosarco-
mas, chondrosarcomas, Ewing sarcomas, and chordomas [11]. Other cancers, including
multiple myeloma or leukemias, can start in the bone but do not originate from bone
cells (i.e., multiple myeloma originates from plasma cells in the bone marrow). Finally,
metastatic bone tumors can develop from cancer cells that metastasize to the bone from
other organs, such as breast or prostate cancer. Depending on the type and stage of cancer,
patients with tumors in the bone can present with increased fracture risk, spinal cord
compression leading to neuropathies, mineral dysregulation, and severe bone pain. These
factors significantly contribute to morbidity and mortality in affected individuals [12-14].

The growth of cancer cells in bone profoundly affects the bone marrow microenviron-
ment and disrupts the balance of bone remodeling. The thriving of cancer cells in bone
has been traditionally explained by the establishment of a “vicious cycle” between tumor
cells and cells of the bone microenvironment that fuels tumor growth and bone disease. In
lytic cancers (i.e., multiple myeloma or breast cancer), bone colonizing tumor cells secrete
factors that promote osteoclastogenesis (i.e., PTHRP, IL6, RANKL, and M-CSF), tilting
the balance in bone remodeling towards bone resorption [15-18]. As a result, bone lytic
lesions are formed, and the integrity of the bone is compromised. The rapid bone resorption
induces the release of growth factors from the mineral matrix (i.e., activin, TGF{, FGF, and
PDGF), promoting tumor growth. Cancers such as osteosarcoma or metastatic prostate
cancer create osteoblastic lesions. These tumor cells stimulate osteoblast differentiation,
leading to the rapid and exuberant formation of bone tissue with compromised mechanical
properties [11,19,20]. In turn, osteoblasts produce growth factors that promote cancer cell
proliferation [19,20].

Given the central role of cells of the bone marrow in the onset and progression of
cancer in the bone, research efforts have focused on finding aberrant cellular and molecular
mechanisms in this niche. This led to the identification of new cellular interactions between
cancer cells and cells of the bone marrow (i.e., adipocytes, immune cells, stromal cells, etc.)
beyond those originally described in the “vicious cycle” paradigm. Mounting evidence
supports that osteocytes, overlooked in cancer for decades, generate a microenvironment
conducive to tumor progression and bone disease (Figure 1). Unlike osteoblasts, osteoclasts,
or other bone marrow cells that have relatively shorter lifespans, osteocytes have a remark-
ably long half-life. This unique characteristic makes them not only abundant (constituting
95% of cells in bone) but also a durable source of signals in the bone-tumor microenvi-
ronment. Although embedded in the mineral matrix, osteocytes have long cytoplasmic
processes that emanate from the cell body and run through the canaliculi arising from
the lacunae, forming a syncytial inter-communication network known as the osteocyte
lacuno—-canalicular system [21]. Through this system, osteocytes establish contact and
engage in communication with cells present at the bone surfaces and with neighboring
osteocytes. Further, this system enables cell communication through gap junctions between
the cytoplasmic processes and extracellular communication through the fluid that passes
through the lacuno-canalicular system [21]. Osteocytes utilize this network to distribute
soluble factors and establish physical interactions with other cells, regulating the behavior
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of distant cells. In this review, we discuss the functions of osteocytes in bone cancer. Addi-
tionally, we highlight new opportunities for targeting osteocytes and their derived factors
to control tumor progression and improve bone health in cancer patients.
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Figure 1. Osteocytes are at the center of the vicious cycle of osteolytic cancers. The growth of cancer
cells in bone reprograms osteocytes, which become an abundant and durable source of signals in the
tumor niche. Osteocytes communicate with tumor cells via physical interactions (Notch signaling,
NOTCHS3) and soluble factors (GDF15, TGFf3, CXCl1/2, VEGFA) that promote cell proliferation
and the formation of a blood vessel network that supports tumor progression. Osteocytes undergo
apoptosis via Notch activation and TNF signaling. Through factors secreted by cancer cells (2DDR),
osteocytes overproduce pro-osteoclastogenic factors (i.e., RANKL, HMGB1, and IL-11) that further
stimulate osteoclastogenesis, bone resorption, and bone destruction. Osteocytes in bones infiltrated
with cancer cells secrete Wnt signaling antagonists (sclerostin and DKK-1), reducing osteoblast
number and their bone-forming activity. Black lines denote the previously described “vicious cycle”
interactions between osteoblasts, osteoclasts, and cancer cells. Magenta lines denote new cellular
interactions between osteocytes, cancer cells, osteoblasts, and osteoclasts.

2. Role of Osteocytes on Epithelial-Mesenchymal Transition, Migration, and Invasion
of Cancer Cells

Breast and prostate cancer metastases to bones are relatively common and a leading
cause of cancer deaths in the U.S. To achieve metastasis to a secondary site, cancer cells
undergo a multi-step process that begins with detachment from the primary tumor, fol-
lowed by migration through the extracellular matrix of the surrounding tissue to enter
the bloodstream (invasion—intravasation—dissemination) [22]. To metastasize, tumor cells
leave the bloodstream, migrate through the extracellular matrix, and invade the bone
(extravasation—colonization-homing) [22]. In the initial steps of this process, metastatic can-
cer cells undergo epithelial-to-mesenchymal transition (EMT). This transformative process
involves the loss of their epithelial characteristics and the acquisition of a more mesenchy-
mal phenotype, resulting in morphological changes and increased cellular plasticity [23].
As discussed below, the role of osteocytes in the early stages of metastasis to bone is unclear.
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2.1. Prostate Cancer

Osteocytes produce GDF15, which supports prostate cancer migration and inva-
sion [24]. Osteocytes also express different matrix metalloproteinases (i.e., MMP2, MMP13,
and MMP14), which could assist metastatic cancer cells in migrating through the extracel-
lular matrix and invading the bone. Osteocytes, as mechanosensitive cells, are stimulated
by various mechanical forces within the bone. They are capable of translating mechanical
signals into biological cues to coordinate local bone formation and bone resorption. As a
consequence of that, osteocytes play a vital role in maintaining the integrity of the skeleton
and adapting it to meet the mechanical demands placed upon it [25]. Several studies, mostly
using in vitro systems, have investigated the impact of osteocyte mechanical loading on
EMT, migration, and invasion of cancer cells. In prostate cancer cells, applying hydrostatic
pressure to osteocytes stimulated their migration [26]. In contrast to this study, conditioned
media from mechanically stimulated osteocytes decreased the expression of EMT-related
genes and the migration/invasion capacity of prostate cancer cells [26-28].

2.2. Breast Cancer

In vitro studies show that conditioned medium from osteocytes induces EMT and
increases the migration of breast cancer cells [29,30]. Mechanistically, these effects appear
to be mediated by changes in CX43, SNAIL, and WISP signaling, as well as adenosine
nucleotides released by osteocytes [31-35]. Osteocyte-derived osteopontin has also been
associated with the activation of EMT in breast cancer cells. Further, conditioned media
from osteocytes treated with bisphosphonates reduced breast cancer migration, an effect
dependent on osteocyte-derived ATP [31]. However, the ATP bi-product, adenosine,
promoted the growth of MDA-MB-231 cells, suggesting distinct roles for ATP and adenosine
released by osteocytes [31]. Further, co-injection of osteocytes with Wnt signaling activation
and breast cancer cells inhibited brain tumor metastasis [36], which is another common
site of metastasis in breast cancer. The impact of mechanically stimulated osteocytes on the
migration and EMT of breast cancer cells has also been studied, with conflicting results. In
one study, factors released by mechanically stimulated osteocytes enhanced the migration
of cancer cells [37,38]. Using a cytokine array, osteocyte-derived CXCL1 and CXCL2
cytokines were identified as regulators of migrating breast cancer cells [38]. Contrary to
these findings, conditioned media from mechanically stimulated osteocytes decreased the
expression of EMT-related genes and the migration/invasion capacity of breast cancer
cells [26-28]. Likewise, conditioned media from osteocytes exposed to oscillatory fluid
flow reduced endothelial permeability and adhesion of breast cancer cells by decreasing
MMP9 expression [39]. These effects were dependent on the intensity of the mechanical
stimulation [27]. Lastly, osteocytes exposed to low-intensity vibration, a mechanical signal
that mimics the dynamics of muscle contraction, suppressed the migration and invasion of
breast cancer cells [40,41].

The different outcomes observed in studies investigating the effects of mechanically
stimulated osteocytes on prostate /breast cancer cells are probably due to the utilization of
different mechanical stimuli (such as stretching, pressure, and vibration) and cell culture
models that do not fully reproduce the complex mechanosensory role of osteocytes in
the bone.

2.3. Multiple Myeloma

Migration and invasion are also important for hematological cancers [42]. However,
the mechanisms regulating cancer cell movement within the bone marrow and metastasis
to secondary sites in the hematological system are largely unknown. Using an in vivo intrat-
ibial model, Trotter et al. found that osteocyte ablation using diphtheria toxin promoted the
migration and homing of myeloma cells from one tibia to the bone marrow of the contralat-
eral limb [43]. This suggests that osteocytes can influence the migration of myeloma cells.
It is important to note that changes in osteoblast and osteoclast populations, bone loss, and
increases in bone marrow adiposity accompany the systemic ablation of osteocytes induced
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by diphtheria toxin. Thus, it is difficult to identify the cellular mechanism(s) responsible
for this observation in this mouse model.

Collectively, these results suggest that osteocyte-derived factors could influence the
metastatic potential of cancer cells at primary sites and generate a microenvironment
favorable for recruiting and retaining cancer cells in bone. However, the existing data
supporting this concept is primarily derived from in vitro studies, which do not fully
represent the complexity of inter-organ communication. Moreover, the in vivo evidence
supporting this notion remains limited. Nonetheless, given the emerging data showing that
osteocytes are endocrine cells and have regulatory functions beyond the skeleton (kidney,
muscle, nervous system, peripheral fat) [2], we cannot entirely exclude the participation
of osteocytes in the early steps of metastasis. Further research on this topic is needed to
clarify the role of osteocytes in the onset of secondary metastasis to bone.

3. Role of Osteocytes in Tumor Growth

Accumulating evidence supports the idea that osteocytes have an active role in tumor
growth in metastatic and hematological cancers. Osteocytes affect tumor growth via
different mechanisms, including the production of growth factors, physical interactions
with cancer cells, and fueling the resorption that drives the “vicious cycle” of bone cancer.
Yet, the effects of osteocytes on cancer growth seem to be cancer-specific.

3.1. Prostate Cancer

Conditioned media from MLO-Y4 osteocytes cultured in 2D or 3D conditions stimu-
lates the proliferation of human prostate cancer cell lines [29]. This suggests the existence
of a soluble factor capable of promoting cancer cell proliferation. Osteocytes produce
GDF15 [24], and the knockdown of this gene in bone diminished the proliferation of
prostate cancer cells injected into the tibiae of mice. In another study, applying pressure to
osteocytes induced prostate cancer growth in an in vivo mouse model, partly by upregulat-
ing CCL5 and matrix metalloproteinases in osteocytes [44]. In addition to soluble factors,
osteocytes can influence tumor growth via physical interactions. Using high-resolution
imaging and histological approaches, different groups have shown that cell-to-cell commu-
nication between cancer cells and osteocytes in the bone niche occurs. Confocal imaging
identified direct contact between prostate cancer tumor cells in the bone marrow and
osteocytes [45]. However, the impact of these physical interactions between osteocytes and
prostate cancer cells on tumor growth has not been explored.

3.2. Breast Cancer

As described for prostate cancer cells, breast cancer cells can also establish cell-to-cell
contact with osteocytes [45]. However, in vitro studies have shown that cell-to-cell co-
culture with MLO-Y4 osteocyte-like cells did not increase the proliferation of breast cancer
cells [46]. The role of osteocyte-derived factors in breast cancer tumor growth is ambiguous
(recently reviewed by Pin et al. [11]). For instance, in vitro studies show that conditioned
media from MLO-A5 osteocyte-like cells increased the proliferation of breast cancer cell
spheroids, whereas cell-to-cell culture conditions decreased it [27,29,34]. Culture of MLO-
Ab5 cells in gelatin hydrogels, overexpression of LRP5, or mechanical stimulation turned
the osteocytes into suppressors of breast cancer cell growth [27,33,36,47,48]. Contrary to
these studies, conditioned media from mechanically stimulated MLO-Y4 osteocyte-like
cells increased breast cancer cell growth by producing CXCL1 and CXCL2 [38]. Lastly,
osteocytes protected breast cancer cells from the proliferative inhibitory effects of oxidative
stress, which are dependent on CX43 signaling [46].

The disparate outcomes of these studies are likely a consequence of different culture
models (2D vs. 3D), different osteocyte-like and cancer cell lines, and different culture
conditions. Investigation of the role of osteocytes in in vivo/ex vivo models containing
authentic osteocytes in the tumor niche might better elucidate the effects of these cells on
tumor proliferation and the migration and invasion potential of bone metastatic cancer cells.
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3.3. Multiple Myeloma

Contact between osteocyte dendritic processes and myeloma cancer cells has been
reported using acid etching and electron microscopy [49]. These physical interactions are
partially mediated by Notch signaling. The Notch signaling pathway is activated by cell-to-
cell contact between adjacent cells and regulates proliferation, apoptosis, and differentiation
in multiple cells of the bone/bone marrow [50]. Notch signaling is dysregulated in several
cancers due to alterations in the expression of Notch receptors or ligands [51], shaping
how cancer cells interact with their surroundings. In multiple myeloma, reciprocal Notch
signaling exists between osteocytes and myeloma cells. Notch activation by osteocytes
increases CYCLIN D1 expression and enhances the proliferation of myeloma cells [49].
Mechanistic studies revealed that osteocyte proliferative signals are mediated by NOTCH3
in myeloma cells. Genetic knockdown of NOTCH3 in myeloma cells prevented the increase
in CYCLIN D1 expression and proliferation induced by osteocytes [52]. Unlike the studies
described for prostate or breast cancer, the impact of osteocyte-derived soluble factors on
myeloma growth remains unknown.

The findings that osteocytes can impact cancer cell proliferation in bone have sparked
interest in targeting these cells and their derived factors to stop tumor growth.

3.4. Mechanical Stimulation of Osteocytes

Consistent with the evidence that mechanical signals alter osteocytes’ ability to influ-
ence cancer cell proliferation, several studies have shown that mechanical stimulation can
decrease tumor growth in bone in metastatic and hematological cancers [27,33,53-56]. The
exact mechanisms underlying these effects are not fully understood, including whether
they are direct actions of the mechanical signals on cancer cells, indirect actions mediated
by osteocytes or other mechanoresponsive cells, or a combination of both.

3.5. Inhibition of Osteocyte-Derived Notch Signals

The crosstalk between osteocytes and myeloma cells via Notch has also proven to
be an attractive therapeutic target to stop tumor growth. In an in vivo model of multi-
ple myeloma, inhibition of NOTCH3 signaling in myeloma cells, which is the receptor
mediating osteocyte-myeloma communication, resulted in a reduction in tumor size [52].
Similarly, pharmacologic inhibition of Notch signaling downstream of all the Notch recep-
tors using a bone-targeted gamma-secretase inhibitor prevented osteocyte pro-proliferative
effects on myeloma cells in vitro and in vivo [49,57].

3.6. Inhibition of Osteocyte-Derived Bone Remodeling Factors

Breaking the vicious cycle between tumor cell proliferation and bone resorption is an-
other approach to mitigating tumor growth. As discussed in more detail in Sections 5 and 6,
targeting osteocyte-derived factors regulating bone resorption (i.e., RANKL) or formation
(i.e., sclerostin or DKK-1) also has an impact on the progression of cancers that grow
in bone.

4. Role of Osteocytes in Neo-Angiogenesis in the Bone Tumor Microenvironment

Bones are highly vascularized through a complex system of heterogeneous blood
vessels (reviewed in [58,59]). Endothelial cells form an intricate network of blood vessels
that sustain various microenvironments in the bone marrow to maintain mesenchymal and
hematopoietic stem cells. The vasculature of the bone is essential for oxygen and nutrient
supply and also influences bone remodeling. Angiogenesis, the process of new blood vessel
formation from existing vasculature, is closely coupled with osteogenesis [60] and plays a
crucial role in tumor survival and progression [61].

Cancer patients exhibit increased vascular density in the bone marrow niche, and
marrow angiogenesis negatively correlates with patient survival [62-64]. Once colonized by
cancer cells, the bone marrow microenvironment becomes hypoxic, facilitating angiogenesis
and providing essential pro-angiogenic factors such as VEGFA [65]. Osteocytes can sense
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oxygen levels and induce vascular changes in the bone marrow [66,67]. In a recent study,
the number of VEGFA™ osteocytes doubled in bones bearing murine and human myeloma
tumors compared to saline-injected controls [68]. The percentage of VEGFA™ osteocytes
positively correlated with Endomucin®, a marker of endothelial cells, and with tumor
vessel area [68]. Consistent with these results, in vitro studies conducted on osteocytes
cultured under hypoxic conditions mimicking their environment (1% O,) showed that
myeloma cells upregulated the expression of several angiogenic factors, such as VEGFA,
and enhanced the osteocytes’ ability to promote vessel formation [68]. The mechanisms
behind VEGFA upregulation by myeloma cells in osteocytes are not fully understood.
In vitro studies showed that myeloma cells increase FGF23 in osteocytes, which in an
autocrine manner upregulates osteocytic VEGFA production [68]. Myeloma cells also
activate Notch signaling in osteocytes via cell-to-cell interactions [49,57]. Notch signaling is
a well-established regulator of angiogenesis and thus could also mediate the pro-angiogenic
potential of osteocytes [69]. Together, these findings provide one of the first pieces of
evidence supporting the idea that cancer cells induce a pro-angiogenic phenotype in
osteocytes. Nonetheless, further studies are needed to determine the specific contribution
of osteocyte-derived angiogenic factors to tumor angiogenesis in myeloma and other
cancers that grow in bone.

5. Role of Osteocytes in Cancer-Induced Osteoclastogenesis and Bone Resorption

One of the hallmark features of lytic cancers is the development of bone lesions, which
lead to increased fracture risk, pain, disability, and morbidity [70,71]. Complex cellular and
molecular mechanisms mediate the bone loss accompanying the growth of cancer cells in
bone (reviewed in [16,72-76]). Most of the current insights regarding the role of osteocytes
in cancer-induced bone destruction come primarily from myeloma studies. These data
support the idea that cancer cells reprogram osteocytes to generate a microenvironment
that favors bone resorption over bone formation.

5.1. Prostate and Breast Cancer

One mechanism by which cancer cells stimulate resorption through osteocytes involves
the induction of apoptosis and the alteration of their canalicular network [45,49,77,78].
These effects have been reported in prostate and breast cancer mouse models and have
also been associated with age-related bone loss [3]. However, whether patients with
breast/prostate metastases exhibit a higher prevalence of apoptotic osteocytes or the
contribution of osteocyte apoptosis to the skeletal effects of secondary metastasis to bone
has not been carefully investigated.

5.2. Multiple Myeloma

Myeloma patients exhibit increased apoptotic osteocytes in areas infiltrated with
myeloma cells [78,79]. This clinical observation has been recapitulated in mouse models
of myeloma and in in vitro cell cultures [45,49]. Mechanistically, myeloma cells induce
osteocyte apoptosis via TNFx and Notch signaling [49]. Apoptosis increases osteocytes’
osteoclastogenic potential by stimulating RANKL and IL-11 production and enhancing
their ability to recruit pre-osteoclasts and form mature osteoclasts [49,78]. Inhibition
of apoptosis partially prevented RANKL upregulation in osteocytes by myeloma cells
in vitro [49], suggesting other mechanisms are involved. In this regard, myeloma cells
produce 2-deoxy-D-ribose (2DDR), which activates the major histocompatibility complex
class II transactivator (CIITA) in osteocytes [80]. CIITA activation acetylates histone 3 lysine
14 in the promoter of RANKL, leading to RANKL expression and osteoclastogenesis [80].
However, similar to inhibiting osteocyte apoptosis, blockade of CIITA signaling only
partially prevented myeloma-induced RANKL upregulation in osteocytes [80].

Osteocytes also support bone destruction by stimulating RANKL production in cancer
cells. For instance, osteocytes upregulate RANKL expression in myeloma cells via Notch
signaling. Inhibition of NOTCHS3 in myeloma cells reduced osteocyte-induced RANKL
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upregulation [52,57]. Consistent with this, injection of NOTCH3 knockdown myeloma
cells into mice resulted in fewer lytic lesions [52,57]. However, in this study, NOTCH3
knockdown in myeloma cells suppressed tumor burden. Therefore, the authors could not
determine whether the decreased resorption was due to RANKL downregulation, decreased
tumor burden, or a combination of both. Thus, the debate about the major source of RANKL
in the tumor microenvironment—osteocytes vs. cancer cells or other cells of the bone
marrow (i.e., immune cells, adipocytes, osteoblasts, progenitors)—remains unresolved.

5.3. Other Cancers

Another mechanism of osteocyte-driven bone destruction was recently identified in
invasive oral squamous cell cancer (OSCC), which shows a bone-destructive phenotype,
particularly in the maxillary of the mandibular bone. HMGB1 is an “alarmin” released
by osteocytes that undergo apoptosis, and it has been shown to have a role in regulat-
ing osteoclastogenesis [81]. HMGBI is highly expressed in OSCC cancers and increases
osteoclastogenesis and bone resorption via induction of RANKL in osteocytes [81]. Interest-
ingly, osteocytes also promote resorption in non-metastatic bone cancers, including colon
adenocarcinoma, ovarian cancer, or Lewis lung carcinoma [82]. As in cancers that grow
in bone, osteocyte apoptosis and dysregulation of the dendritic network were observed,
accompanied by upregulation of several genes associated with bone resorption (ACP5,
CTSK, ATP6V0D2, and MMP13) in osteocytes [82,83].

With the advancements in medical treatment for many cancers, patients are experienc-
ing longer survival rates. As a result, effective management of bone disease has become
paramount to reducing fractures and bone pain and improving the quality of life of cancer
patients. Bisphosphonates and anti-RANKL are the mainstay therapeutic options to treat
cancer bone loss [84,85]. Both therapies effectively decrease skeletal-related events and
improve the quality of life of cancer patients. However, the sustained inhibition of bone
resorption seen with bisphosphonates is associated with side effects (i.e., osteonecrosis of
the jaw) [86]. Similarly, anti-RANKL discontinuation leads to a rebound phenomenon that
increases resorption and fracture risk [87]. As discussed below, targeting osteocytes in the
bone niche can become an alternative approach to stopping bone destruction in cancer of
the bone.

5.4. Mechanical Stimulation of Osteocytes

Because mechanical signals decrease the osteocyte’s potential to induce osteoclast
formation [25], the osteocyte’s mechanosensitivity can also be exploited to interfere with
cancer-induced bone destruction. For instance, the ability of myeloma cells to increase
RANKL expression in osteocytes and osteoclastogenesis is mitigated by fluid shear stress
in vitro [88]. In another in vitro study, low-intensity vibration or pharmacological stim-
ulation of mechanical pathways using YODA1 reduced osteocyte apoptosis induced by
breast cancer cells [89]. In an in vivo setting, mechanical stimulation applied to the tibia
was found to preserve trabecular bone mass in a model of breast cancer with bone metas-
tasis [90]. Moreover, Pagnotti et al. have shown in different models of bone cancer the
beneficial effects of low-intensity vibration as a means to deliver mechanical signals to pa-
tients with compromised mobility. Low-intensity vibration reduced osteoclast surface and
protected bone mass in mouse models of multiple myeloma and spontaneous granulosa
cell ovarian cancer [40,53,91]. The same group has recently reported the protective effects
of low-intensity vibration against the bone loss induced by complete estrogen deprivation
therapy, frequently used in breast cancer patients [92]. As mentioned above, whether
osteocytes mediate these effects is unclear and demands further investigation.

5.5. Inhibition of Osteocyte-Derived Notch Signals

In mouse models of multiple myeloma, pharmacologic inhibition of Notch signaling
with a novel bone-targeted gamma-secretase inhibitor (BT-GSI) decreased RANKL expres-
sion and had potent anti-resorptive effects, similar to those seen with bisphosphonates [57].
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Remarkably, BT-GSI did not interfere with physiological bone formation or reduce tumor
growth [93]. Myeloma cells increase NOTCHS3 in osteocytes [49], and genetic activation
of NOTCHS3 in osteocytes leads to bone loss [94]. Pharmacologic inhibition of NOTCH3
in vivo is sufficient to decrease bone resorption in naive mice [95]. Therefore, the identifi-
cation of NOTCHS3 signaling as a mediator of RANKL and bone resorption in the tumor
microenvironment suggests the potential use of anti-NOTCH3 antibodies as a therapeutic
approach to halting bone destruction in the cancer setting.

5.6. Inhibition of Osteocyte-Derived Bone Remodeling Factors

Using a combination of genetic approaches, different groups showed that osteocytes
are a major source of RANKL in the adult bone under physiological conditions [4,6,7,96].
RANKL production by osteocytes is increased in cancer that grows in bone [49]. Thus,
osteocytes, through RANKL, might promote the local bone resorption that fuels the initial
stages of the vicious cycle of bone cancer. To date, whether osteocyte-derived RANKL (vs.
RANKL from other cells) plays a major direct or indirect role in tumor growth has not been
examined. Denosumab not only prevents skeletal-related events in cancer patients but has
been associated with anti-tumor effects in solid and hematological malignancies [97,98].
To date, whether osteocyte-derived RANKL plays a major direct or indirect role in tumor
growth has not been examined. An alternative approach to addressing bone resorption
is through the pharmacological blockade of the osteocyte-derived Wnt antagonist scle-
rostin. This approach promotes bone formation and transiently reduces osteoclasts and
bone resorption [99]. Consistent with this, the pharmacological inhibition of sclerostin
is accompanied by suppression of bone resorption in some mouse models of multiple
myeloma and metastatic breast cancer, although the effect may vary across different mod-
els [100-104]. The mechanisms underlying the decreases in bone resorption seen with
anti-sclerostin are unclear, although there is some evidence that sclerostin can regulate
RANKL expression [10,105].

6. Role of Osteocytes in Cancer-Induced Modulation of Bone Formation

Several mechanisms have been described for the dysregulation of bone formation in
bones infiltrated with cancer cells (reviewed in [16,72-76]). Osteocytes and their derived fac-
tors have recently emerged as regulators of bone formation in the tumor microenvironment.
High expression of Wnt antagonists (i.e., sclerostin and DKK-1) has been detected in cancer
patients with bone involvement and mouse models of cancer in bone [49,100,102,106-108],
suggesting osteocyte production of these factors is affected by cancer cells in bone.

6.1. Prostate and Breast Cancer

It is important to note that whereas osteocytes can be the main source of Wnt antago-
nists in some cancers, in others, tumor cells also produce these factors [101]. This is the case
with prostate and breast cancer cells. In prostate cancer, which typically forms osteoblastic
lesions characterized by high bone formation, the levels of sclerostin, or DKK-1, can vary
during disease progression [109], adding complexity to our understanding of the role of
osteocytes in this process. In in vitro models, conditioned media from prostate cancer cells
decreases the expression of sclerostin and DKK-1 in osteocytes [110,111]. These results
suggest that the decrease in the production of Wnt antagonists by osteocytes creates a
permissive niche for the formation of osteoblastic lesions. Sclerostin overexpression, but
not DKK-1 overexpression, in prostate cancer cells decreased metastasis and migration of
prostate cells [112]. Similarly, in breast cancer cells, genetic overexpression of sclerostin or
DKXK-1 leads to more bone metastases and bone disease [102,113]. Intriguingly, a recent
study in a mouse model of breast cancer bone metastasis, which can lead to a mix of lytic
and blastic lesions, showed that sclerostin production by cortical osteocytes is suppressed
only in areas adjacent to tumor cells [103]. However, whether the decreased sclerostin
production colocalizes with the presence of blastic lesions was not explored. Further studies
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are needed to determine the specific contribution of osteocyte-derived vs. tumor-derived
Wnt antagonists to the dysregulation of bone formation in metastatic cancers.

6.2. Multiple Myeloma

Serum sclerostin levels are increased in hematological cancers such as multiple
myeloma [49,100]. Unlike breast or prostate cancer cells, myeloma cells do not express
sclerostin [104]. In vitro, co-culture with myeloma cells increases SOST /sclerostin in os-
teocyte cell lines and authentic osteocytes. Conditioned media from osteocytes exposed
to myeloma cells but not from control osteocytes decreased the expression of osteoblastic
genes (RUNX2, ALPL, and COL1A) and osteoblast differentiation in vitro [49,108]. This
suggests that osteocyte-derived sclerostin contributes to the profound suppression of os-
teoblasts by myeloma cells. The mechanisms regulating sclerostin production in multiple
myeloma-bearing bones remain unclear. As discussed in Section 5, 2DDR production
by myeloma cells and the consequent activation of CIITA in osteocytes are also partially
responsible for the elevated SOST, the gene encoding sclerostin, expression in bones bearing
myeloma tumors [80]. Another potential mechanism for the upregulation of sclerostin is
DKK-1 signaling. DKK-1 is a Wnt antagonist overproduced by osteocytes and myeloma
cells [80,114,115]. In vitro, pharmacological inhibition of DKK-1 prevented sclerostin up-
regulation by myeloma cells, and treatment with recombinant DKK-1 increased it [108]. To
date, this hypothesis has not been tested in vivo.

6.3. Other Cancers

The information available about the role of osteocytes in the bone formation ac-
companying osteoblastic lesions in osteosarcoma is very limited and demands further
investigation. In primary bone cancers, the levels of sclerostin, or DKK-1, also vary with
disease progression [109]. As described above for prostate cancer, sclerostin has anti-tumor
effects in osteosarcoma, as administration of recombinant sclerostin inhibited tumor growth
and migration and improved survival in a mouse model of osteosarcoma [116]. However,
the effects of recombinant sclerostin on bone mass or microarchitecture were not studied.

Anti-cancer therapies have only minor effects, if any, on repairing damaged bones [117].
Thus, bone repair remains a major challenge in cancer management. Targeting Wnt signal-
ing in common skeletal disorders has become an effective approach to overcoming bone
loss [99]. However, because Wnt signaling is one of the key cascades regulating cancer
onset and progression [118], there is hesitation about using Wnt signaling activators in
the oncology setting. Below, we present some of the different anabolic stimuli tested in
preclinical models of bone cancer and discuss their impact on tumor growth.

6.4. Mechanical Stimulation of Osteocytes

Mechanical signals are anabolic to bones and promote bone formation in areas of
strain. Mechanical stimulation has been used successfully to boost osteoblast function
in various mouse cancer models and cancer patients (recently reviewed in [119]). Be-
cause cancer patients exhibit compromised bone microarchitecture, their ability to practice
physical activity can be challenging. In this regard, whole-body vibration devices that
exert safe, low-intensity strain forces are an alternative for loading the skeleton in cancer
patients [53,91,92,119,120].

6.5. Inhibition of Osteocyte-Derived Bone Remodeling Factors

With the development of neutralizing antibodies against DKK-1 [121], a new opportu-
nity arose to repair damaged bone in lytic cancers. Preclinical studies in mouse myeloma
models showed that targeting DKK-1 with neutralizing anti-DKK-1 antibodies increased
osteoblasts, reduced multinucleated osteoclasts, and increased bone mass [122,123]. The
bone anabolic effects of anti-DKK-1 may also be associated with reduced myeloma bur-
den [122,123]. Despite the promising results in preclinical mouse models, the outcomes of
the clinical trials were less robust [124], and anti-DKK-1 antibodies have not been FDA-
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approved for treating cancer patients. Of note, DKK-1 inhibition increases SOST/sclerostin
expression in bone, which can counteract the anabolic effects of DKK-1 suppression [125].
Genetic or pharmacologic [126] deletion of both DKK-1 and SOST/sclerostin leads to a
robust anabolic response greater than when inhibiting each gene alone [125]. Similarly, the
co-administration of DKK-1 antibodies and a novel anti-LRP6 antibody also led to superior
skeletal outcomes in mouse models of multiple myeloma [127]. To date, the effects of dual
inhibition of sclerostin and DKK-1 in cancer models have not been investigated.

Anti-sclerostin therapy was approved by the FDA in 2019 to treat postmenopausal
women at high risk of fracture. The bone gain induced by the anti-sclerostin antibody
results from opposing effects on bone formation (increased) and bone resorption (de-
creased) [128,129]. Preclinical animal studies showed that anti-sclerostin antibodies induce
new bone formation in bones infiltrated with myeloma or breast cancer cells, increase bone
mass, and improve bone mechanical properties [100-104,106,108]. Similar observations
have been reported in immunodeficient SOST KO mice [100,103]. In certain mouse models,
the blockade of sclerostin signaling has been shown to result in reductions in osteoclast
activity, although this effect is not observed in all models [100,104]. To date, the cellu-
lar/molecular mechanisms by which anti-sclerostin releases the suppression of osteoblasts
in the tumor microenvironment remain unclear.

In multiple myeloma models, activation of Wnt signaling via pharmacological inhibi-
tion of sclerostin one day after cancer cell injection or after 3 weeks did not affect tumor
growth when tumors were established [100,104,108]. Similarly, the injection of myeloma
cells in SOST KO mice did not affect myeloma progression [100]. Lastly, Wnt activation
via co-administration of a novel anti-LRP6 antibody and anti-DKK-1 did not affect tumor
activity in a mouse model of myeloma disease [127]. Remarkably, anti-sclerostin did not
alter the anti-tumor effects of chemotherapy [108], suggesting that it could be used as an
adjuvant therapy to improve bone health in patients with multiple myeloma. All these
studies have turned sclerostin into an emerging target for treating myeloma-induced lytic
bone disease and prompted the investigation of sclerostin antibodies in a clinical trial with
multiple myeloma patients (NCT05775094).

In breast cancer bone metastasis, treatment with anti-sclerostin in a mouse model with
established bone metastasis after cardiac inoculation reduced the growth of MDA-MB-231
breast cancer cells [101]. Moreover, anti-sclerostin treatment in mice with intrafemoral
breast cancer tumors did not affect tumor growth rate but improved overall survival [106].
In addition, genetic deletion of SOST in breast cancer cells or administration of S6, a
new inhibitor of sclerostin-STAT3 signaling, immediately following cardiac inoculation
reduced the ratio of bone metastases [102]. However, in a recent study, administering
anti-sclerostin one week before tumor inoculation resulted in no major changes in tumor
volume/area [103]. Intriguingly, the authors of this manuscript reported that pre-treatment
with anti-sclerostin increased tumor area only when MDA-MB-231 breast cancer cells
were used [103]. The reasons for the discrepancy between the outcomes of pre-treatment
(one week before cell inoculation) and treatment (once metastases were established) in
mouse models injected with MDA-MB-231 breast cancer cells are unclear. However, this
discrepancy raises the possibility that inhibition of sclerostin could transform the bone
niche into a more favorable metastatic site. Nonetheless, this hypothesis contrasts with the
observation that breast cancer metastases exhibited the same growth rate in control and
SOST KO mice [103].

Given the remarkable beneficial skeletal effects observed in models of cancer-induced
bone loss with therapies targeting Wnt antagonists, further studies, including clinical trials,
are warranted. These studies aim to determine which cancer patients could benefit from
these therapies, identify the ideal therapeutic window, and explore the most effective
combinations that provide beneficial bone effects without increasing tumor growth or
causing significant toxicity.
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7. Conclusions

During the last decade, we have witnessed major advances in our understanding of
the role of osteocytes in bone cancer. Initially viewed as passive bystanders embedded in
the mineral matrix, osteocytes are now considered key components of the tumor microen-
vironment. Nowadays, we have a better understanding that osteocytes play a significant
role in influencing tumor growth, bone resorption, and bone formation in most cancers
that develop in the bone. However, it is important to note that their impact, whether
positive or negative, on each of these processes appears to vary depending on the cancer
type. The knowledge acquired in this field has provided the rationale for developing new
approaches to treat cancer in bone-targeting osteocytes and their derived factors (Figure 2).
However, the effects of these therapies need to be carefully assessed for different cancer
types. In conclusion, osteocytes contribute to the pathophysiological regulation of bone
metabolism in cancers that develop in the bone. The identification of signals and pathways
through which cancer cells alter osteocyte biology is vital to improving current therapeutic
approaches and discovering novel strategies to target osteocytes. This pursuit aims to
achieve superior and safer treatments for cancers that affect the bone.
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Figure 2. Osteocytes and their derived factors are new therapeutic targets to treat bone cancers.
Osteocytes sense and respond to mechanical signals and are a major source of Wnt antagonists in
bone. Pharmacologic inhibition of sclerostin or DKK-1, or mechanical stimulation, is efficacious in
promoting new bone formation and increasing bone mass in hematological and metastatic cancer
models. Osteocytes can also contribute to the beneficial skeletal effects of the anti-resorptive effects of
anti-RANKL and bisphosphonates in cancer of the bone. Additionally, targeting sclerostin, DKK-1,
or Notch signaling also reduces osteoclast formation in some models of one cancer. Neutralizing
osteocyte-derived Notch or VEFGA signals could also reduce angiogenesis and tumor growth.

8. Future Directions

Despite the tremendous advances in our knowledge of osteocyte biology in cancer,
critical areas remain underexplored. For instance, a complete understanding of how
osteocyte gene expression is affected by different cancers or the underlying regulatory
mechanisms remains elusive. Unbiased genome-wide approaches, such as single-cell RNA
sequencing (scRNAseq), have the potential to significantly advance our understanding
of the molecular changes underlying osteocyte dysfunction. These approaches can aid in
generating a gene signature that distinguishes healthy from diseased osteocytes, identifying
new biomarkers with predictive value for bone disease, and uncovering novel therapeutic
targets. Although scRNAseq enables the identification of differential gene expression within
diverse cell populations, it does not provide information about cellular localization. Thus,
techniques that provide spatial resolution (spatial transcriptomics or in situ hybridization
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RNAscope) could help us understand the interactions between osteocytes and cancer cells
in a complex environment such as the bone marrow. Furthermore, there is a need for the
development of reliable and clinically relevant mouse models (syngeneic) of cancer in
the bone that facilitate genetic manipulation of the osteocytes, eliminating the need for
extensive backcrossing across generations. Such models would provide valuable in vivo
evidence to better understand the influence of osteocytes on the devastating effects of
bone tumors.

Another area where the available data is limited is the impact of anti-cancer therapy on
osteocyte function and its consequences. For instance, bortezomib, a proteasome inhibitor
frequently used to treat myeloma, prevented osteocyte apoptosis in myeloma cells [79]. In
contrast, Aplidin, a marine-derived compound with potent anti-myeloma efficacy, induced
osteocyte apoptosis [130,131]. Similarly, radiation, typically used to treat metastatic cancers,
induced the accumulation of senescent and apoptotic osteocytes and bone loss [132-134].

Once in bone, most invading cancer cells undergo apoptosis, with a few becoming
dormant and surviving [135]. The cellular and molecular mechanisms regulating cancer cell
dormancy in bone remain largely elusive; however, interactions between cancer cells and
cells in the bone marrow and the vascular niche appear to be involved [136,137]. Osteoblasts
and osteoclasts can awaken dormant cells in bone [137,138]. The role of osteocytes, which
regulate osteoblasts and osteoclasts, in bone homing, dormancy, or early survival processes
of cancer cells in the skeleton is unknown and demands further investigation.

Lastly, the role of osteocytes in the onset of primary bone tumors, such as osteosar-
coma, remains unexplored. Expression of osteocyte markers (i.e., DMP1, MEPE, or PHEX)
has been observed in the osteoblastic subtype of human osteosarcoma, indicating that os-
teocytes may potentially serve as progenitors for osteosarcoma cells [139,140]. Supporting
this notion, the injection of MLO-Y4 osteocyte-like cells in mice formed solid tumors with
bone lesions similar to those observed in osteosarcoma patients [139]. Contrary to this
hypothesis, Fgfr3* endosteal stromal cells deficient in p53 can give rise to osteosarcoma-like
lesions through unregulated self-renewal and aberrant osteogenic processes [141].

Author Contributions: Conceptualization, A.A. and ].D.-C.; investigation, A.A. and ].D.-C.; resources,
J.D.-C.; writing—original draft preparation, A.A.; writing—review and editing, A.A. and ].D.-C.;
supervision, ].D.-C.; funding acquisition, ].D.-C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institutes of Health (R37-CA251763, RO1-
CA209882, R01-AR080116, R01-CA241677, and P20-GM125503), the University of Arkansas for
Medical Sciences Musculoskeletal Hub, the Winthrop P. Rockefeller Cancer Institute Seeds of Sciences
Award, and the Arkansas Breast Cancer Research Program.

Acknowledgments: The authors thank Manish Adhikari, Japneet Kaur, and Hayley M. Sabol for
providing feedback and editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

Robling, A.G.; Bonewald, L.F. The Osteocyte: New Insights. Annu. Rev. Physiol. 2020, 82, 485-506. [CrossRef]

Delgado-Calle, J.; Bellido, T. The osteocyte as a signaling cell. Physiol. Rev. 2022, 102, 379-410. [CrossRef] [PubMed]

Bellido, T. Osteocyte-Driven Bone Remodeling. Calcif. Tissue Int. 2014, 94, 25-34. [CrossRef] [PubMed]

O’Brien, C.A.; Nakashima, T.; Takayanagi, H. Osteocyte control of osteoclastogenesis. Bone 2013, 54, 258-263. [CrossRef]
Andersen, T.L.; Sondergaard, T.E.; Skorzynska, K.E.; Dagnaes-Hansen, F.; Plesner, T.L.; Hauge, E.M.; Plesner, T.; Delaisse, ].M.

A physical mechanism for coupling bone resorption and formation in adult human bone. Am. J. Pathol. 2009, 174, 239-247.

[CrossRef] [PubMed]

6.  Xiong, J.; Onal, M,; Jilka, R.L.; Weinstein, R.S.; Manolagas, S.C.; O’'Brien, C.A. Matrix-embedded cells control osteoclast formation.
Nat. Med. 2011, 17, 1235-1241. [CrossRef]


https://doi.org/10.1146/annurev-physiol-021119-034332
https://doi.org/10.1152/physrev.00043.2020
https://www.ncbi.nlm.nih.gov/pubmed/34337974
https://doi.org/10.1007/s00223-013-9774-y
https://www.ncbi.nlm.nih.gov/pubmed/24002178
https://doi.org/10.1016/j.bone.2012.08.121
https://doi.org/10.2353/ajpath.2009.080627
https://www.ncbi.nlm.nih.gov/pubmed/19095960
https://doi.org/10.1038/nm.2448

Cancers 2023, 15, 2645 14 of 19

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nakashima, T.; Hayashi, M.; Fukunaga, T.; Kurata, K.; Oh-hora, M.; Feng, J.Q.; Bonewald, L.F; Kodama, T.; Wutz, A,
Wagner, E.F,; et al. Evidence for osteocyte regulation of bone homeostasis through RANKL expression. Nat. Med. 2011, 17,
1231-1234. [CrossRef]

Zhao, S.; Zhang, Y.K,; Harris, S.; Ahuja, S.S.; Bonewald, L.E. MLO-Y4 osteocyte-like cells support osteoclast formation and
activation. J. Bone Miner. Res. 2002, 17, 2068-2079. [CrossRef]

Burr, D.; Allen, M. Basic and Applied Bone Biology, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2013.

Delgado-Calle, J.; Sato, A.Y.; Bellido, T. Role and mechanism of action of sclerostin in bone. Bone 2017, 96, 29-37. [CrossRef]
Pin, F,; Prideaux, M.; Bonewald, L.F.; Bonetto, A. Osteocytes and Cancer. Curr. Osteoporos. Rep. 2021, 19, 616-625. [CrossRef]
Buenrostro, D.; Mulcrone, P.L.; Owens, P.; Sterling, J.A. The Bone Microenvironment: A Fertile Soil for Tumor Growth. Curr.
Osteoporos. Rep. 2016, 14, 151-158. [CrossRef] [PubMed]

David Roodman, G.; Silbermann, R. Mechanisms of osteolytic and osteoblastic skeletal lesions. Bonekey Rep. 2015, 4, 753.
[CrossRef] [PubMed]

Delgado-Calle, J.; Bellido, T. Osteocytes and Skeletal Pathophysiology. Curr. Mol. Biol. Rep. 2015, 1, 157-167. [CrossRef]
Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: A fatal attraction. Nat. Rev. Cancer 2011, 11, 411-425.
[CrossRef] [PubMed]

Mundy, G.R. Mechanisms of osteolytic bone destruction. Bone 1991, 12 (Suppl. 1), S1-56. [CrossRef]

Paget, S. The distribution of secondary growths in cancer of the breast. 1889. Cancer Metastasis Rev. 1989, 8, 98-101.

Mundy, G.R. Metastasis to bone: Causes, consequences and therapeutic opportunities. Nat. Rev. Cancer 2002, 2, 584-593. [CrossRef]
Lin, S.C.; Yu-Lee, L.Y.; Lin, S.H. Osteoblastic Factors in Prostate Cancer Bone Metastasis. Curr. Osteoporos. Rep. 2018, 16,
642—647. [CrossRef]

Fang, J.; Xu, Q. Differences of osteoblastic bone metastases and osteolytic bone metastases in clinical features and molecular
characteristics. Clin. Transl. Oncol. 2015, 17, 173-179. [CrossRef]

Bonewald, L.F. The Amazing Osteocyte. J. Bone Miner. Res. 2011, 26, 229-238. [CrossRef]

Jiang, W.G,; Sanders, A ].; Katoh, M.; Ungefroren, H.; Gieseler, F; Prince, M.; Thompson, S.K.; Zollo, M.; Spano, D.; Dhawan, P.;
et al. Tissue invasion and metastasis: Molecular, biological and clinical perspectives. Semin. Cancer Biol. 2015, 35, S244-S275.
[CrossRef] [PubMed]

van der Pluijm, G. Epithelial plasticity, cancer stem cells and bone metastasis formation. Bone 2011, 48, 37—43. [CrossRef]

Wang, W.; Yang, X.; Dai, J.; Lu, Y.; Zhang, ].; Keller, E.T. Prostate cancer promotes a vicious cycle of bone metastasis progression
through inducing osteocytes to secrete GDF15 that stimulates prostate cancer growth and invasion. Oncogene 2019, 38, 4540-4559.
[CrossRef] [PubMed]

Santos, A.; Bakker, A.D.; Klein-Nulend, J. The role of osteocytes in bone mechanotransduction. Osteoporos. Int. 2009, 20, 1027-1031.
[CrossRef] [PubMed]

Verbruggen, S.W.; Thompson, C.L.; Duffy, M.P.,; Lunetto, S.; Nolan, J.; Pearce, O.M.T.; Jacobs, C.R.; Knight, M.M. Mechanical
Stimulation Modulates Osteocyte Regulation of Cancer Cell Phenotype. Cancers 2021, 13, 2906. [CrossRef]

Fan, Y,; Jalali, A.; Chen, A.; Zhao, X; Liu, S.; Teli, M.; Guo, Y,; Li, F; Li, J.; Siegel, A.; et al. Skeletal loading regulates breast
cancer-associated osteolysis in a loading intensity-dependent fashion. Bone Res. 2020, 8, 9. [CrossRef]

van Santen, V.J.B.; Jin, J.; Hogervorst, ] M.A.; Bakker, A.D. Shear loaded osteocyte-like-cells affect epithelial and mesenchymal
gene expression in DU145 prostate cancer cells, while decreasing their invasion in vitro. Biochem. Biophys. Res. Commun. 2023,
646,70-77. [CrossRef]

Cui, Y.X;; Evans, B.A ; Jiang, W.G. New Roles of Osteocytes in Proliferation, Migration and Invasion of Breast and Prostate Cancer
Cells. Anticancer Res. 2016, 36, 1193-1201.

Chen, A.; Wang, L.; Liu, S.; Wang, Y;; Liu, Y.; Wang, M.; Nakshatri, H.; Li, B.Y.; Yokota, H. Attraction and Compaction of Migratory
Breast Cancer Cells by Bone Matrix Proteins through Tumor-Osteocyte Interactions. Sci. Rep. 2018, 8, 5420. [CrossRef]

Zhou, J.Z.; Riquelme, M. A ; Gao, X,; Ellies, L.G.; Sun, L.Z.; Jiang, J.X. Differential impact of adenosine nucleotides released by
osteocytes on breast cancer growth and bone metastasis. Oncogene 2015, 34, 1831-1842. [CrossRef]

Ma, Y.V,; Lam, C.; Dalmia, S.; Gao, P,; Young, J.; Middleton, K.; Liu, C.; Xu, H.; You, L. Mechanical regulation of breast cancer
migration and apoptosis via direct and indirect osteocyte signaling. J. Cell. Biochem. 2018, 119, 5665-5675. [CrossRef]

Liu, S.;; Wu, D.; Sun, X,; Fan, Y; Zha, R ; Jalali, A.; Teli, M.; Sano, T; Siegel, A.; Sudo, A.; et al. Mechanical stimulations can inhibit
local and remote tumor progression by downregulating WISP1. Faseb. J. 2020, 34, 12847-12859. [CrossRef]

Liu, S.; Fan, Y; Chen, A.; Jalali, A.; Minami, K.; Ogawa, K.; Nakshatri, H.; Li, B.Y.; Yokota, H. Osteocyte-Driven Downregulation
of Snail Restrains Effects of Drd2 Inhibitors on Mammary Tumor Cells. Cancer Res. 2018, 78, 3865-3876. [CrossRef]

Zhou, ].Z.; Riquelme, M.A; Gu, S.; Kar, R.; Gao, X.; Sun, L.; Jiang, ].X. Osteocytic connexin hemichannels suppress breast cancer
growth and bone metastasis. Oncogene 2016, 35, 5597-5607. [CrossRef]

Sano, T.; Sun, X.; Feng, Y.; Liu, S.; Hase, M.; Fan, Y.; Zha, R.; Wu, D.; Aryal, UK.; Li, B.Y;; et al. Inhibition of the Growth of Breast
Cancer-Associated Brain Tumors by the Osteocyte-Derived Conditioned Medium. Cancers 2021, 13, 1061. [CrossRef]

Li, F; Chen, A.; Reeser, A.; Wang, Y.; Fan, Y.; Liu, S.; Zhao, X,; Prakash, R.; Kota, D.; Li, B.Y,; et al. Vinculin Force Sensor Detects
Tumor-Osteocyte Interactions. Sci. Rep. 2019, 9, 5615. [CrossRef] [PubMed]

Dwivedi, A ; Kiely, P.A.; Hoey, D.A. Mechanically stimulated osteocytes promote the proliferation and migration of breast cancer
cells via a potential CXCL1/2 mechanism. Biochem. Biophys. Res. Commun. 2021, 534, 14-20. [CrossRef] [PubMed]


https://doi.org/10.1038/nm.2452
https://doi.org/10.1359/jbmr.2002.17.11.2068
https://doi.org/10.1016/j.bone.2016.10.007
https://doi.org/10.1007/s11914-021-00712-9
https://doi.org/10.1007/s11914-016-0315-2
https://www.ncbi.nlm.nih.gov/pubmed/27255469
https://doi.org/10.1038/bonekey.2015.122
https://www.ncbi.nlm.nih.gov/pubmed/26539296
https://doi.org/10.1007/s40610-015-0026-y
https://doi.org/10.1038/nrc3055
https://www.ncbi.nlm.nih.gov/pubmed/21593787
https://doi.org/10.1016/8756-3282(91)90057-P
https://doi.org/10.1038/nrc867
https://doi.org/10.1007/s11914-018-0480-6
https://doi.org/10.1007/s12094-014-1247-x
https://doi.org/10.1002/jbmr.320
https://doi.org/10.1016/j.semcancer.2015.03.008
https://www.ncbi.nlm.nih.gov/pubmed/25865774
https://doi.org/10.1016/j.bone.2010.07.023
https://doi.org/10.1038/s41388-019-0736-3
https://www.ncbi.nlm.nih.gov/pubmed/30755731
https://doi.org/10.1007/s00198-009-0858-5
https://www.ncbi.nlm.nih.gov/pubmed/19340507
https://doi.org/10.3390/cancers13122906
https://doi.org/10.1038/s41413-020-0083-6
https://doi.org/10.1016/j.bbrc.2023.01.066
https://doi.org/10.1038/s41598-018-23833-1
https://doi.org/10.1038/onc.2014.113
https://doi.org/10.1002/jcb.26745
https://doi.org/10.1096/fj.202000713RR
https://doi.org/10.1158/0008-5472.CAN-18-0056
https://doi.org/10.1038/onc.2016.101
https://doi.org/10.3390/cancers13051061
https://doi.org/10.1038/s41598-019-42132-x
https://www.ncbi.nlm.nih.gov/pubmed/30948840
https://doi.org/10.1016/j.bbrc.2020.12.016
https://www.ncbi.nlm.nih.gov/pubmed/33310182

Cancers 2023, 15, 2645 15 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Ma, Y.V;; Xu, L.; Mei, X.; Middleton, K.; You, L. Mechanically stimulated osteocytes reduce the bone-metastatic potential of breast
cancer cells in vitro by signaling through endothelial cells. J. Cell. Biochem. 2019, 120, 7590-7601. [CrossRef] [PubMed]

Yi, X.; Wright, L.E.; Pagnotti, G.M.; Uzer, G.; Powell, K.M.; Wallace, ]. M.; Sankar, U.; Rubin, C.T.; Mohammad, K.; Guise, T.A;
et al. Mechanical suppression of breast cancer cell invasion and paracrine signaling to osteoclasts requires nucleo-cytoskeletal
connectivity. Bone Res. 2020, 8, 40. [CrossRef] [PubMed]

Song, X; Lin, C.Y.; Mei, X.; Wang, L.; You, L. Reduction of breast cancer extravasation via vibration activated osteocyte regulation.
Iscience 2022, 25, 105500. [CrossRef] [PubMed]

Bianchi, G.; Kumar, S.; Ghobrial, LM.; Roccaro, A.M. Cell Trafficking in Multiple Myeloma. Open. ]. Hematol. 2012, 3 (Suppl. 1), 4.
[CrossRef] [PubMed]

Trotter, TM.; Fok, M.; Gibson, ].T.; Peker, D.; Javed, A.; Yang, Y. Osteocyte apoptosis attracts myeloma cells to bone and supports
progression through regulation of the bone marrow microenvironment. Blood 2016, 128, 484. [CrossRef]

Sottnik, J.L.; Dai, J.; Zhang, H.; Campbell, B.; Keller, E.T. Tumor-induced pressure in the bone microenvironment causes osteocytes
to promote the growth of prostate cancer bone metastases. Cancer Res. 2015, 75, 2151-2158. [CrossRef]

Hemmatian, H.; Conrad, S.; Furesi, G.; Mletzko, K.; Krug, J.; Faila, A.V,; Kuhlmann, J.D.; Rauner, M.; Busse, B.; Jadhn-Rickert, K.
Reorganization of the osteocyte lacuno-canalicular network characteristics in tumor sites of an immunocompetent murine model
of osteotropic cancers. Bone 2021, 152, 116074. [CrossRef]

Tian, Y;; Riquelme, M.A; Tu, C; Quan, Y.; Liu, X,; Sun, L.Z,; Jiang, ] X. Osteocytic Connexin Hemichannels Modulate Oxidative
Bone Microenvironment and Breast Cancer Growth. Cancers 2021, 13, 6343. [CrossRef] [PubMed]

Liu, S.; Wu, D,; Sun, X;; Fan, Y;; Zha, R.; Jalali, A; Feng, Y.; Li, K.; Sano, T.; Vike, N.; et al. Overexpression of Lrp5 enhanced the
anti-breast cancer effects of osteocytes in bone. Bone Res. 2021, 9, 32. [CrossRef] [PubMed]

Nguyen, H.D.; Sun, X.; Yokota, H.; Lin, C.C. Probing Osteocyte Functions in Gelatin Hydrogels with Tunable Viscoelasticity.
Biomacromolecules 2021, 22, 1115-1126. [CrossRef]

Delgado-Calle, J.; Anderson, J.; Cregor, M.D.; Hiasa, M.; Chirgwin, ].M.; Carlesso, N.; Yoneda, T.; Mohammad, K.S.; Plotkin, L.L;
Roodman, G.D,; et al. Bidirectional Notch Signaling and Osteocyte-Derived Factors in the Bone Marrow Microenvironment
Promote Tumor Cell Proliferation and Bone Destruction in Multiple Myeloma. Cancer Res. 2016, 76, 1089-1100. [CrossRef]
Zanotti, S.; Canalis, E. Notch and the skeleton. Mol. Cell. Biol. 2010, 30, 886-896. [CrossRef]

Sethi, N.; Kang, Y. Notch signalling in cancer progression and bone metastasis. Br. . Cancer 2011, 105, 1805-1810. [CrossRef]
Sabol, H.M.; Amorim, T.; Ashby, C.; Halladay, D.; Anderson, ].; Cregor, M.; Sweet, M.; Nookaew, L.; Kurihara, N.; Roodman, G.D.;
et al. Notch3 signaling between myeloma cells and osteocytes in the tumor niche promotes tumor growth and bone destruction.
Neoplasia 2022, 28, 100785. [CrossRef] [PubMed]

Pagnotti, G.M.; Chan, M.E.; Adler, B.J.; Shroyer, K.R.; Rubin, ]J.; Bain, S.D.; Rubin, C.T. Low intensity vibration mitigates tumor
progression and protects bone quantity and quality in a murine model of myeloma. Bone 2016, 90, 69-79. [CrossRef] [PubMed]
Huang, M.; Liu, H.; Zhu, L.; Li, X;; Li, J.; Yang, S.; Liu, D.; Song, X.; Yokota, H.; Zhang, P. Mechanical loading attenuates breast
cancer-associated bone metastasis in obese mice by regulating the bone marrow microenvironment. J. Cell. Physiol. 2021, 236,
6391-6406. [CrossRef] [PubMed]

Wang, S.; Pei, S.; Wasi, M.; Parajuli, A.; Yee, A.; You, L.; Wang, L. Moderate tibial loading and treadmill running, but not overload-
ing, protect adult murine bone from destruction by metastasized breast cancer. Bone 2021, 153, 116100. [CrossRef] [PubMed]
Feng, Y,; Liu, S.; Zha, R.; Sun, X,; Li, K,; Robling, A.; Li, B.; Yokota, H. Mechanical Loading-Driven Tumor Suppression Is Mediated
by Lrp5-Dependent and Independent Mechanisms. Cancers 2021, 13, 267. [CrossRef] [PubMed]

Sabol, H.M.; Ferrari, A ]J.; Adhikari, M.; Amorim, T.; McAndrews, K.; Anderson, J.; Vigolo, M.; Lehal, R.; Cregor, M.; Khan, S.;
et al. Targeting Notch Inhibitors to the Myeloma Bone Marrow Niche Decreases Tumor Growth and Bone Destruction without
Gut Toxicity. Cancer Res. 2021, 81, 5102-5114. [CrossRef]

Hendriks, M.; Ramasamy, S.K. Blood Vessels and Vascular Niches in Bone Development and Physiological Remodeling. Front.
Cell. Dev. Biol. 2020, 8, 602278. [CrossRef]

Ramasamy, S.K. Structure and Functions of Blood Vessels and Vascular Niches in Bone. Stem Cells Int. 2017, 2017,
5046953. [CrossRef]

Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone.
Nature 2014, 507, 323-328. [CrossRef]

Ribatti, D.; Vacca, A. New Insights in Anti-Angiogenesis in Multiple Myeloma. Int. J. Mol. Sci. 2018, 19, 2031. [CrossRef]

Vacca, A.; Ribatti, D. Bone marrow angiogenesis in multiple myeloma. Leukemia 2006, 20, 193-199. [CrossRef] [PubMed]
Terpos, E.; Ntanasis-Stathopoulos, I.; Gavriatopoulou, M.; Dimopoulos, M.A. Pathogenesis of bone disease in multiple myeloma:
From bench to bedside. Blood Cancer |. 2018, 8, 7. [CrossRef] [PubMed]

Kovacic, N.; Croucher, P.I; McDonald, M.M. Signaling between tumor cells and the host bone marrow microenvironment. Calcif.
Tissue Int. 2014, 94, 125-139. [CrossRef]

Ribatti, D.; Nico, B.; Vacca, A. Importance of the bone marrow microenvironment in inducing the angiogenic response in multiple
myeloma. Oncogene 2006, 25, 4257-4266. [CrossRef] [PubMed]

Cheung, W.Y,; Liu, C.; Tonelli-Zasarsky, R.M.; Simmons, C.A.; You, L. Osteocyte apoptosis is mechanically regulated and induces
angiogenesis in vitro. J. Orthop. Res. 2011, 29, 523-530. [CrossRef] [PubMed]


https://doi.org/10.1002/jcb.28034
https://www.ncbi.nlm.nih.gov/pubmed/30417549
https://doi.org/10.1038/s41413-020-00111-3
https://www.ncbi.nlm.nih.gov/pubmed/33298883
https://doi.org/10.1016/j.isci.2022.105500
https://www.ncbi.nlm.nih.gov/pubmed/36419845
https://doi.org/10.13055/ojhmt_3_S1_04.120221
https://www.ncbi.nlm.nih.gov/pubmed/23762527
https://doi.org/10.1182/blood.V128.22.484.484
https://doi.org/10.1158/0008-5472.CAN-14-2493
https://doi.org/10.1016/j.bone.2021.116074
https://doi.org/10.3390/cancers13246343
https://www.ncbi.nlm.nih.gov/pubmed/34944962
https://doi.org/10.1038/s41413-021-00152-2
https://www.ncbi.nlm.nih.gov/pubmed/34230453
https://doi.org/10.1021/acs.biomac.0c01476
https://doi.org/10.1158/0008-5472.CAN-15-1703
https://doi.org/10.1128/MCB.01285-09
https://doi.org/10.1038/bjc.2011.497
https://doi.org/10.1016/j.neo.2022.100785
https://www.ncbi.nlm.nih.gov/pubmed/35390742
https://doi.org/10.1016/j.bone.2016.05.014
https://www.ncbi.nlm.nih.gov/pubmed/27262776
https://doi.org/10.1002/jcp.30314
https://www.ncbi.nlm.nih.gov/pubmed/33554336
https://doi.org/10.1016/j.bone.2021.116100
https://www.ncbi.nlm.nih.gov/pubmed/34246808
https://doi.org/10.3390/cancers13020267
https://www.ncbi.nlm.nih.gov/pubmed/33450808
https://doi.org/10.1158/0008-5472.CAN-21-0524
https://doi.org/10.3389/fcell.2020.602278
https://doi.org/10.1155/2017/5046953
https://doi.org/10.1038/nature13145
https://doi.org/10.3390/ijms19072031
https://doi.org/10.1038/sj.leu.2404067
https://www.ncbi.nlm.nih.gov/pubmed/16357836
https://doi.org/10.1038/s41408-017-0037-4
https://www.ncbi.nlm.nih.gov/pubmed/29330358
https://doi.org/10.1007/s00223-013-9794-7
https://doi.org/10.1038/sj.onc.1209456
https://www.ncbi.nlm.nih.gov/pubmed/16518413
https://doi.org/10.1002/jor.21283
https://www.ncbi.nlm.nih.gov/pubmed/21337392

Cancers 2023, 15, 2645 16 of 19

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Stegen, S.; Stockmans, I.; Moermans, K.; Thienpont, B.; Maxwell, PH.; Carmeliet, P.; Carmeliet, G. Osteocytic oxygen sensing
controls bone mass through epigenetic regulation of sclerostin. Nat. Commun. 2018, 9, 2557. [CrossRef] [PubMed]

Mulcrone, P.L.; Edwards, S.K.E.; Petrusca, D.N.; Haneline, L.S.; Delgado-Calle, J.; Roodman, G.D. Osteocyte Vegf-a contributes to
myeloma-associated angiogenesis and is regulated by Fgf23. Sci. Rep. 2020, 10, 17319. [CrossRef] [PubMed]

Akil, A.; Gutierrez-Garcia, A K.; Guenter, R.; Rose, ].B.; Beck, A.W.; Chen, H.; Ren, B. Notch Signaling in Vascular Endothelial Cells,
Angiogenesis, and Tumor Progression: An Update and Prospective. Front. Cell. Dev. Biol. 2021, 9, 642352. [CrossRef] [PubMed]

Terpos, E.; Berenson, J.; Raje, N.; Roodman, G.D. Management of bone disease in multiple myeloma. Expert. Rev. Hematol. 2014, 7,
113-125. [CrossRef]

Vestergaard, P.; Rejnmark, L.; Mosekilde, L. Fracture risk in patients with different types of cancer. Acta Oncol. 2009, 48,
105-115. [CrossRef]

Roodman, G.D. Pathogenesis of myeloma bone disease. J. Cell. Biochem. 2010, 109, 283-291. [PubMed]

Guise, T.A.; Mohammad, K.S.; Clines, G.; Stebbins, E.G.; Wong, D.H.; Higgins, L.S.; Vessella, R.; Corey, E.; Padalecki, S.; Suva,
L.; et al. Basic mechanisms responsible for osteolytic and osteoblastic bone metastases. Clin. Cancer Res. 2006, 12, 6213s-6216s.
[CrossRef] [PubMed]

Guise, T.A.; Kozlow, W.M.; Heras-Herzig, A.; Padalecki, S.S.; Yin, J.J.; Chirgwin, ].M. Molecular mechanisms of breast cancer
metastases to bone. Clin. Breast Cancer 2005, 5 (Suppl. S2), 546-S53. [CrossRef] [PubMed]

Yoneda, T.; Sasaki, A.; Mundy, G.R. Osteolytic bone metastasis in breast cancer. Breast Cancer Res. Treat. 1994, 32, 73-84.
[CrossRef] [PubMed]

Chen, Y.C.; Sosnoski, D.M.; Mastro, A.M. Breast cancer metastasis to the bone: Mechanisms of bone loss. Breast Cancer Res. 2010,
12, 215. [CrossRef] [PubMed]

Wang, W.; Sarazin, B.A.; Kornilowicz, G.; Lynch, M.E. Mechanically-Loaded Breast Cancer Cells Modify Osteocyte Mechanosensi-
tivity by Secreting Factors That Increase Osteocyte Dendrite Formation and Downstream Resorption. Front. Endocrinol. 2018, 9,
352. [CrossRef]

Giuliani, N.; Ferretti, M.; Bolzoni, M.; Storti, P.; Lazzaretti, M.; Dalla, P.B.; Bonomini, S.; Martella, E.; Agnelli, L.; Neri, A.; et al.
Increased osteocyte death in multiple myeloma patients: Role in myeloma-induced osteoclast formation. Leukemia 2012, 26,
1391-1401. [CrossRef]

Toscani, D.; Palumbo, C.; Dalla, P.B.; Ferretti, M.; Bolzoni, M.; Marchica, V.; Sena, P.; Martella, E.; Mancini, C.; Ferri, V.; et al. The
Proteasome Inhibitor Bortezomib Maintains Osteocyte Viability in Multiple Myeloma Patients by Reducing Both Apoptosis and
Autophagy: A New Function for Proteasome Inhibitors. J. Bone Miner. Res. 2016, 31, 815-827. [CrossRef]

Liu, H.; He, J.; Bagheri-Yarmand, R.; Li, Z.; Liu, R.; Wang, Z.; Bach, D.H.; Huang, Y.H.; Lin, P.; Guise, T.A.; et al. Osteocyte CIITA
aggravates osteolytic bone lesions in myeloma. Nat. Commun. 2022, 13, 3684. [CrossRef]

Sakamoto, Y.; Okui, T.; Yoneda, T.; Ryumon, S.; Nakamura, T.; Kawai, H.; Kunisada, Y.; Ibaragi, S.; Masui, M.; Ono, K.; et al.
High-mobility group box 1 induces bone destruction associated with advanced oral squamous cancer via RAGE and TLR4.
Biochem. Biophys. Res. Commun. 2020, 531, 422—-430. [CrossRef]

Pin, E; Prideaux, M.; Huot, J.R.; Essex, A.L.; Plotkin, L.I.; Bonetto, A.; Bonewald, L.F. Non-bone metastatic cancers promote
osteocyte-induced bone destruction. Cancer Lett. 2021, 520, 80-90. [CrossRef] [PubMed]

Sekita, A.; Matsugaki, A.; Ishimoto, T.; Nakano, T. Synchronous disruption of anisotropic arrangement of the osteocyte network
and collagen/apatite in melanoma bone metastasis. J. Struct. Biol. 2017, 197, 260-270. [CrossRef] [PubMed]

Terpos, E.; Zamagni, E.; Lentzsch, S.; Drake, M.T.; Garcia-Sanz, R.; Abildgaard, N.; Ntanasis-Stathopoulos, L.; Schjesvold, E; de la
Rubia, J.; Kyriakou, C.; et al. Treatment of multiple myeloma-related bone disease: Recommendations from the Bone Working
Group of the International Myeloma Working Group. Lancet Oncol. 2021, 22, e119-e130. [CrossRef] [PubMed]

D’Oronzo, S.; Coleman, R.; Brown, J.; Silvestris, F. Metastatic bone disease: Pathogenesis and therapeutic options: Up-date on
bone metastasis management. J. Bone Oncol. 2019, 15, 100205. [CrossRef]

Reyes, C.; Hitz, M.; Prieto-Alhambra, D.; Abrahamsen, B. Risks and Benefits of Bisphosphonate Therapies. J. Cell. Biochem. 2015,
117,20-28. [CrossRef]

McDonald, M.M.; Khoo, WH.; Ng, P.Y.; Xiao, Y.; Zamerli, J.; Thatcher, P.; Kyaw, W.; Pathmanandavel, K.; Grootveld, A.K.; Moran,
I; et al. Osteoclasts recycle via osteomorphs during RANKL-stimulated bone resorption. Cell 2021, 184, 1330-1347.e13. [CrossRef]

Wang, X.; He, Y,; Tian, S.; Zhu, F; Huang, B.; Zhang, J.; Chen, Z.; Wang, H. Fluid Shear Stress Increases Osteocyte and Inhibits
Osteoclasts via Downregulating Receptor-Activator of Nuclear Factor kB (RANK)/Osteoprotegerin Expression in Myeloma
Microenvironment. Med. Sci. Monit. 2019, 25, 5961-5968. [CrossRef]

Lin, C.Y,; Song, X.; Ke, Y; Raha, A.; Wu, Y.; Wasi, M.; Wang, L.; Geng, F.; You, L. Yodal Enhanced Low-Magnitude High-Frequency
Vibration on Osteocytes in Regulation of MDA-MB-231 Breast Cancer Cell Migration. Cancers 2022, 14, 3395. [CrossRef]

Lynch, M.E.; Brooks, D.; Mohanan, S.; Lee, M.].; Polamraju, P; Dent, K.; Bonassar, L.J.; van der Meulen, M.C.; Fischbach, C.
In vivo tibial compression decreases osteolysis and tumor formation in a human metastatic breast cancer model. . Bone Miner.
Res. 2013, 28, 2357-2367. [CrossRef]

Pagnotti, G.M.; Adler, B.J.; Green, D.E.; Chan, M.E.; Frechette, D.M.; Shroyer, K.R.; Beamer, W.G.; Rubin, J.; Rubin, C.T. Low
magnitude mechanical signals mitigate osteopenia without compromising longevity in an aged murine model of spontaneous
granulosa cell ovarian cancer. Bone 2012, 51, 570-577. [CrossRef]


https://doi.org/10.1038/s41467-018-04679-7
https://www.ncbi.nlm.nih.gov/pubmed/29967369
https://doi.org/10.1038/s41598-020-74352-x
https://www.ncbi.nlm.nih.gov/pubmed/33057033
https://doi.org/10.3389/fcell.2021.642352
https://www.ncbi.nlm.nih.gov/pubmed/33681228
https://doi.org/10.1586/17474086.2013.874943
https://doi.org/10.1080/02841860802167490
https://www.ncbi.nlm.nih.gov/pubmed/20014067
https://doi.org/10.1158/1078-0432.CCR-06-1007
https://www.ncbi.nlm.nih.gov/pubmed/17062703
https://doi.org/10.3816/CBC.2005.s.004
https://www.ncbi.nlm.nih.gov/pubmed/15807924
https://doi.org/10.1007/BF00666208
https://www.ncbi.nlm.nih.gov/pubmed/7819589
https://doi.org/10.1186/bcr2781
https://www.ncbi.nlm.nih.gov/pubmed/21176175
https://doi.org/10.3389/fendo.2018.00352
https://doi.org/10.1038/leu.2011.381
https://doi.org/10.1002/jbmr.2741
https://doi.org/10.1038/s41467-022-31356-7
https://doi.org/10.1016/j.bbrc.2020.07.120
https://doi.org/10.1016/j.canlet.2021.06.030
https://www.ncbi.nlm.nih.gov/pubmed/34233150
https://doi.org/10.1016/j.jsb.2016.12.003
https://www.ncbi.nlm.nih.gov/pubmed/27989794
https://doi.org/10.1016/S1470-2045(20)30559-3
https://www.ncbi.nlm.nih.gov/pubmed/33545067
https://doi.org/10.1016/j.jbo.2018.10.004
https://doi.org/10.1002/jcb.25266
https://doi.org/10.1016/j.cell.2021.02.002
https://doi.org/10.12659/MSM.915986
https://doi.org/10.3390/cancers14143395
https://doi.org/10.1002/jbmr.1966
https://doi.org/10.1016/j.bone.2012.05.004

Cancers 2023, 15, 2645 17 of 19

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

Pagnotti, G.M.; Trivedi, T.; Wright, L.E.; John, S.K.; Murthy, S.; Pattyn, R.R.; Willis, M.S,; She, Y.; Suresh, S.; Thompson, W.R,;
et al. Low-Magnitude Mechanical Signals Combined with Zoledronic Acid Reduce Musculoskeletal Weakness and Adiposity in
Estrogen-Deprived Mice. bioRxiv 2023. [CrossRef]

Delgado-Calle, ].; McAndrews, K.; Wu, G.; Orr, A.L,; Ferrari, A.; Tu, X.; Srinivasan, V.; Roodman, G.D.; Ebetino, FH.; Boeckman,
R.K,, Jr; et al. The Notch pathway regulates the bone gain induced by PTH anabolic signaling. Faseb. |. 2022, 36, e22196.
[CrossRef] [PubMed]

Canalis, E.; Yee, S.P.; Economides, A.N.; Schilling, L.; Yu, J. Induction of a NOTCH3 Lehman syndrome mutation in osteocytes
causes osteopenia in male C57BL/6] mice. Bone 2022, 162, 116476. [CrossRef] [PubMed]

Yu, J.; Siebel, C.W.; Schilling, L.; Canalis, E. An antibody to Notch3 reverses the skeletal phenotype of lateral meningocele
syndrome in male mice. J. Cell. Physiol. 2020, 235, 210-220. [CrossRef]

Xiong, J.; Piemontese, M.; Onal, M.; Campbell, ]J.; Goellner, J.J.; Dusevich, V.; Bonewald, L.; Manolagas, S.C.; O’Brien, C.A.
Osteocytes, not Osteoblasts or Lining Cells, are the Main Source of the RANKL Required for Osteoclast Formation in Remodeling
Bone. PLoS ONE 2015, 10, e0138189. [CrossRef]

de Groot, A.F; Appelman-Dijkstra, N.M.; van der Burg, S.H.; Kroep, ].R. The anti-tumor effect of RANKL inhibition in malignant
solid tumors—A systematic review. Cancer Treat. Rev. 2018, 62, 18-28. [CrossRef]

Raje, N.; Terpos, E.; Willenbacher, W.; Shimizu, K.; Garcia-Sanz, R.; Durie, B.; Legiec, W.; Krejci, M.; Laribi, K,; Zhu, L,;
et al. Denosumab versus zoledronic acid in bone disease treatment of newly diagnosed multiple myeloma: An international,
double-blind, double-dummy, randomised, controlled, phase 3 study. Lancet Oncol. 2018, 19, 370-381. [CrossRef]

Cosman, F; Crittenden, D.B.; Grauer, A. Romosozumab Treatment in Postmenopausal Osteoporosis. N. Engl. ]. Med. 2017, 376,
396-397. [CrossRef]

Delgado-Calle, J.; Anderson, J.; Cregor, M.D.; Condon, K.W.; Kuhstoss, S.A.; Plotkin, L.IL; Bellido, T.; Roodman, G.D. Genetic
deletion of Sost or pharmacological inhibition of sclerostin prevent multiple myeloma-induced bone disease without affecting
tumor growth. Leukemia 2017, 31, 2686-2694. [CrossRef]

Hesse, E.; Schroder, S.; Brandt, D.; Pamperin, J.; Saito, H.; Taipaleenméki, H. Sclerostin inhibition alleviates breast cancer-induced
bone metastases and muscle weakness. [CI Insight 2019, 5, €125543. [CrossRef]

Sun, L.; Zhang, Y.; Chen, G.; Ji, Y.; Ma, Q.; Qiao, X.; Wu, S.; Zhou, L.; By, J.; Zhu, X; et al. Targeting SOST using a small-molecule
compound retards breast cancer bone metastasis. Mol. Cancer 2022, 21, 228. [CrossRef] [PubMed]

Hiraga, T.; Horibe, K.; Koide, M.; Yamashita, T.; Kobayashi, Y. Sclerostin blockade promotes bone metastases of Wnt-responsive
breast cancer cells. Cancer Sci. 2023. [CrossRef] [PubMed]

McDonald, M.M.; Reagan, M.R.; Youlten, S.E.; Mohanty, S.T; Seckinger, A.; Terry, R.L.; Pettitt, J.A.; Simic, M.K.; Cheng, T.L.;
Morse, A.; et al. Inhibiting the osteocyte-specific protein sclerostin increases bone mass and fracture resistance in multiple
myeloma. Blood 2017, 129, 3452-3464. [CrossRef]

Tu, X.; Delgado-Calle, ].; Condon, K.W.; Maycas, M.; Zhang, H.; Carlesso, N.; Taketo, M.M.; Burr, D.B.; Plotkin, L.I.; Bellido, T.
Osteocytes mediate the anabolic actions of canonical Wnt/b-catenin signaling in bone. Proc. Natl. Acad. Sci. USA 2015, 112,
E478-E486. [CrossRef]

Zhu, M.; Liu, C.; Li, S.; Zhang, S.; Yao, Q.; Song, Q. Sclerostin induced tumor growth, bone metastasis and osteolysis in breast
cancer. Sci. Rep. 2017, 7, 11399. [CrossRef]

Terpos, E.; Christoulas, D.; Katodritou, E.; Bratengeier, C.; Gkotzamanidou, M.; Michalis, E.; Delimpasi, S.; Pouli, A.; Meletis, J.;
Kastritis, E.; et al. Elevated circulating sclerostin correlates with advanced disease features and abnormal bone remodeling in
symptomatic myeloma: Reduction post-bortezomib monotherapy. Int. J. Cancer 2012, 131, 1466-1471. [CrossRef] [PubMed]
Eda, H.; Santo, L.; Wein, M.N.; Hu, D.Z.; Cirstea, D.D.; Nemani, N.; Tai, Y.T.; Raines, S.E.; Kuhstoss, S.A.; Munshi, N.C.; et al.
Regulation of Sclerostin Expression in Multiple Myeloma by Dkk-1; A Potential Therapeutic Strategy for Myeloma Bone Disease.
J. Bone Miner. Res. 2016, 31, 1225-1234. [CrossRef]

Aufderklamm, S.; Hennenlotter, J.; Leidenberger, P.; Rausch, S.; Hohneder, A.; Kiihs, U.; Maas, M.; Schwentner, C.; Bedke, J.;
Stenzl, A.; et al. Systemic Alterations of Wnt Inhibitors in Patients with Prostate Cancer and Bone Metastases. Dis. Mrk. 2018,
2018, 1874598. [CrossRef]

Choudhary, S.; Ramasundaram, P.; Dziopa, E.; Mannion, C.; Kissin, Y.; Tricoli, L.; Albanese, C.; Lee, W.; Zilberberg, ]. Human ex
vivo 3D bone model recapitulates osteocyte response to metastatic prostate cancer. Sci. Rep. 2018, 8, 17975. [CrossRef]

Sottnik, J.L.; Hall, C.L.; Zhang, J.; Keller, E.T. Wnt and Wnt inhibitors in bone metastasis. Bonekey Rep. 2012, 1, 101. [CrossRef]
Hudson, B.D.; Hum, N.R.; Thomas, C.B.; Kohlgruber, A.; Sebastian, A.; Collette, N.M.; Coleman, M.A.; Christiansen, B.A.; Loots,
G.G. SOST Inhibits Prostate Cancer Invasion. PLoS ONE 2015, 10, e0142058. [CrossRef] [PubMed]

Zhuang, X.; Zhang, H.; Li, X; Li, X.; Cong, M.; Peng, E; Yu, J.; Zhang, X.; Yang, Q.; Hu, G. Differential effects on lung and bone
metastasis of breast cancer by Wnt signalling inhibitor DKK1. Nat. Cell. Biol. 2017, 19, 1274-1285. [CrossRef] [PubMed]

Tian, E.; Zhan, F.; Walker, R.; Rasmussen, E.; Ma, Y.; Barlogie, B.; Shaughnessy, ].D., Jr. The role of the Wnt-signaling antagonist
DKK1 in the development of osteolytic lesions in multiple myeloma. N. Engl. |. Med. 2003, 349, 2483-2494. [CrossRef] [PubMed]
Voorzanger-Rousselot, N.; Goehrig, D.; Journe, F,; Doriath, V.; Body, J.J.; Clezardin, P.; Garnero, P. Increased Dickkopf-1 expression
in breast cancer bone metastases. Br. |. Cancer 2007, 97, 964-970. [CrossRef] [PubMed]


https://doi.org/10.1101/2023.03.12.531571
https://doi.org/10.1096/fj.202101807R
https://www.ncbi.nlm.nih.gov/pubmed/35137455
https://doi.org/10.1016/j.bone.2022.116476
https://www.ncbi.nlm.nih.gov/pubmed/35760307
https://doi.org/10.1002/jcp.28960
https://doi.org/10.1371/journal.pone.0138189
https://doi.org/10.1016/j.ctrv.2017.10.010
https://doi.org/10.1016/S1470-2045(18)30072-X
https://doi.org/10.1056/NEJMc1615367
https://doi.org/10.1038/leu.2017.152
https://doi.org/10.1172/jci.insight.125543
https://doi.org/10.1186/s12943-022-01697-4
https://www.ncbi.nlm.nih.gov/pubmed/36581888
https://doi.org/10.1111/cas.15765
https://www.ncbi.nlm.nih.gov/pubmed/36840409
https://doi.org/10.1182/blood-2017-03-773341
https://doi.org/10.1073/pnas.1409857112
https://doi.org/10.1038/s41598-017-11913-7
https://doi.org/10.1002/ijc.27342
https://www.ncbi.nlm.nih.gov/pubmed/22052418
https://doi.org/10.1002/jbmr.2789
https://doi.org/10.1155/2018/1874598
https://doi.org/10.1038/s41598-018-36424-x
https://doi.org/10.1038/bonekey.2012.101
https://doi.org/10.1371/journal.pone.0142058
https://www.ncbi.nlm.nih.gov/pubmed/26545120
https://doi.org/10.1038/ncb3613
https://www.ncbi.nlm.nih.gov/pubmed/28892080
https://doi.org/10.1056/NEJMoa030847
https://www.ncbi.nlm.nih.gov/pubmed/14695408
https://doi.org/10.1038/sj.bjc.6603959
https://www.ncbi.nlm.nih.gov/pubmed/17876334

Cancers 2023, 15, 2645 18 of 19

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.
136.

137.

138.

139.

Ideta, H.; Yoshida, K.; Okamoto, M.; Sasaki, J.; Kito, M.; Aoki, K.; Yoshimura, Y.; Suzuki, S.; Tanaka, A.; Takazawa, A.; et al.
Antitumor Effect of Sclerostin against Osteosarcoma. Cancers 2021, 13, 6015. [CrossRef] [PubMed]

Silbermann, R.; Roodman, G.D. Bone effects of cancer therapies: Pros and cons. Curr. Opin. Support. Palliat. Care 2011, 5, 251-257.
[CrossRef] [PubMed]

Zhan, T.; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2017, 36, 1461-1473. [CrossRef] [PubMed]

Pagnotti, G.M.; Thompson, W.R.; Guise, T.A.; Rubin, C.T. Suppression of cancer-associated bone loss through dynamic mechanical
loading. Bone 2021, 150, 115998. [CrossRef]

Pagnotti, G.M.; Styner, M.; Uzer, G.; Patel, V.S.; Wright, L.E.; Ness, K.K.; Guise, T.A.; Rubin, J.; Rubin, C.T. Combating osteoporosis
and obesity with exercise: Leveraging cell mechanosensitivity. Nat. Rev. Endocrinol. 2019, 15, 339-355. [CrossRef] [PubMed]

Ke, H.Z,; Richards, W.G,; Li, X.; Ominsky, M.S. Sclerostin and Dickkopf-1 as Therapeutic Targets in Bone Diseases. Endocr. Rev.
2012, 33, 747-783. [CrossRef]

Heath, D.J.; Chantry, A.D.; Buckle, C.H.; Coulton, L.; Shaughnessy, ].D., Jr.; Evans, H.R.; Snowden, ].A.; Stover, D.R.; Vanderkerken,
K.; Croucher, P.I. Inhibiting Dickkopf-1 (Dkk1) removes suppression of bone formation and prevents the development of osteolytic
bone disease in multiple myeloma. J. Bone Miner. Res. 2009, 24, 425-436. [CrossRef] [PubMed]

Fulciniti, M.; Tassone, P.; Hideshima, T.; Vallet, S.; Nanjappa, ; Ettenberg, S.A.; Shen, Z.; Patel, N.; Tai, Y.T.; Chauhan, D.; et al.
Anti-DKK1 mAb (BHQ880) as a potential therapeutic agent for multiple myeloma. Blood 2009, 114, 371-379. [CrossRef] [PubMed]
Iyer, S.P; Beck, J.T.; Stewart, A.K.; Shah, J.; Kelly, K.R.; Isaacs, R.; Bilic, S.; Sen, S.; Munshi, N.C. A Phase IB multicentre dose-
determination study of BHQS880 in combination with anti-myeloma therapy and zoledronic acid in patients with relapsed or
refractory multiple myeloma and prior skeletal-related events. Br. ]. Haematol. 2014, 167, 366-375. [CrossRef]

Witcher, P.C.; Miner, S.E.; Horan, D.J.; Bullock, W.A.; Lim, K.E.; Kang, K.S.; Adaniya, A.L.; Ross, R.D.; Loots, G.G.; Robling, A.G.
Sclerostin neutralization unleashes the osteoanabolic effects of Dkk1 inhibition. JCI Insight 2018, 3, €98673. [CrossRef] [PubMed]
Florio, M.; Gunasekaran, K.; Stolina, M.; Li, X.; Liu, L.; Tipton, B.; Salimi-Moosavi, H.; Asuncion, EJ.; Li, C.; Sun, B.; et al. A
bispecific antibody targeting sclerostin and DKK-1 promotes bone mass accrual and fracture repair. Nat. Commun. 2016, 7, 11505.
[CrossRef] [PubMed]

Simic, M.K.; Mohanty, S.T.; Xiao, Y.; Cheng, T.L.; Taylor, V.E.; Charlat, O.; Daley, M.; Croucher, PI.; McDonald, M.M. Multi-
targeting DKK1 and LRP6 Prevents Bone Loss and Improves Fracture Resistance in Multiple Myeloma. J. Bone Miner. Res. 2023.
[CrossRef] [PubMed]

Saag, K.G.; Petersen, J.; Brandi, M.L.; Karaplis, A.C.; Lorentzon, M.; Thomas, T.; Maddox, J.; Fan, M.; Meisner, PD;
Grauer, A. Romosozumab or Alendronate for Fracture Prevention in Women with Osteoporosis. N. Engl. |. Med. 2017, 377,
1417-1427. [CrossRef]

Lewiecki, E.M.; Blicharski, T.; Goemaere, S.; Lippuner, K.; Meisner, P.D.; Miller, P.D.; Miyauchi, A.; Maddox, J.; Chen, L.; Horlait,
S. A Phase 3 Randomized Placebo-controlled Trial to Evaluate Efficacy and Safety of Romosozumab in Men With Osteoporosis. J.
Clin. Endocrinol. Metab. 2018, 103, 3183-3193. [CrossRef]

Delgado-Calle, J.; Kurihara, N.; Atkinson, E.G.; Nelson, J.; Miyagawa, K.; Galmarini, C.M.; Roodman, G.D.; Bellido, T. Aplidin
(plitidepsin) is a novel anti-myeloma agent with potent anti-resorptive activity mediated by direct effects on osteoclasts. Oncotarget
2019, 10, 2709-2721. [CrossRef]

Mitsiades, C.S.; Ocio, E.M.; Pandiella, A.; Maiso, P.; Gajate, C.; Garayoa, M.; Vilanova, D.; Montero, J.C.; Mitsiades, N.; McMullan,
C.J.; etal. Aplidin, a marine organism-derived compound with potent antimyeloma activity in vitro and in vivo. Cancer Res. 2008,
68, 5216-5225. [CrossRef]

Chandra, A.; Lagnado, A.B.; Farr, ].N.; Monroe, D.G.; Park, S.; Hachfeld, C.; Tchkonia, T.; Kirkland, ].L.; Khosla, S.; Passos, J.E;
et al. Targeted Reduction of Senescent Cell Burden Alleviates Focal Radiotherapy-Related Bone Loss. ]. Bone Miner. Res. 2020, 35,
1119-1131. [CrossRef] [PubMed]

Chandra, A.; Lin, T.; Young, T.; Tong, W.; Ma, X; Tseng, W.J.; Kramer, I.; Kneissel, M.; Levine, M.A.; Zhang, Y.; et al. Suppression
of Sclerostin Alleviates Radiation-Induced Bone Loss by Protecting Bone-Forming Cells and Their Progenitors Through Distinct
Mechanisms. J. Bone Miner. Res. 2017, 32, 360-372. [CrossRef] [PubMed]

Wright, L.E.; Buijs, ].T.; Kim, H.S.; Coats, L.E.; Scheidler, A.M.; John, S.K.; She, Y.; Murthy, S.; Ma, N.; Chin-Sinex, H.]J.; et al. Single-
Limb Irradiation Induces Local and Systemic Bone Loss in a Murine Model. ]. Bone Miner. Res. 2015, 30, 1268-1279. [CrossRef]
Kusumbe, A.P. Vascular niches for disseminated tumour cells in bone. J. Bone Oncol. 2016, 5, 112-116. [CrossRef] [PubMed]
Ghajar, C.M.; Peinado, H.; Mori, H.; Matei, LR.; Evason, K.J.; Brazier, H.; Almeida, D.; Koller, A.; Hajjar, K.A.; Stainier, D.Y.; et al.
The perivascular niche regulates breast tumour dormancy. Nat. Cell. Biol. 2013, 15, 807-817. [CrossRef] [PubMed]

Croucher, P.I; McDonald, M.M.; Martin, T.J. Bone metastasis: The importance of the neighbourhood. Nat. Rev. Cancer 2016, 16,
373-386. [CrossRef] [PubMed]

Lawson, M.A.; McDonald, M.M.; Kovacic, N.; Hua, KW.,; Terry, R.L.; Down, J.; Kaplan, W.; Paton-Hough, J.; Fellows, C.; Pettitt,
J.A.; et al. Osteoclasts control reactivation of dormant myeloma cells by remodelling the endosteal niche. Nat. Commun. 2015, 6,
8983. [CrossRef]

Sottnik, J.L.; Campbell, B.; Mehra, R.; Behbahani-Nejad, O.; Hall, C.L.; Keller, E.T. Osteocytes serve as a progenitor cell of
osteosarcoma. J. Cell. Biochem. 2014, 115, 1420-1429. [CrossRef]


https://doi.org/10.3390/cancers13236015
https://www.ncbi.nlm.nih.gov/pubmed/34885123
https://doi.org/10.1097/SPC.0b013e328349c524
https://www.ncbi.nlm.nih.gov/pubmed/21768880
https://doi.org/10.1038/onc.2016.304
https://www.ncbi.nlm.nih.gov/pubmed/27617575
https://doi.org/10.1016/j.bone.2021.115998
https://doi.org/10.1038/s41574-019-0170-1
https://www.ncbi.nlm.nih.gov/pubmed/30814687
https://doi.org/10.1210/er.2011-1060
https://doi.org/10.1359/jbmr.081104
https://www.ncbi.nlm.nih.gov/pubmed/19016584
https://doi.org/10.1182/blood-2008-11-191577
https://www.ncbi.nlm.nih.gov/pubmed/19417213
https://doi.org/10.1111/bjh.13056
https://doi.org/10.1172/jci.insight.98673
https://www.ncbi.nlm.nih.gov/pubmed/29875318
https://doi.org/10.1038/ncomms11505
https://www.ncbi.nlm.nih.gov/pubmed/27230681
https://doi.org/10.1002/jbmr.4809
https://www.ncbi.nlm.nih.gov/pubmed/36987921
https://doi.org/10.1056/NEJMoa1708322
https://doi.org/10.1210/jc.2017-02163
https://doi.org/10.18632/oncotarget.26831
https://doi.org/10.1158/0008-5472.CAN-07-5725
https://doi.org/10.1002/jbmr.3978
https://www.ncbi.nlm.nih.gov/pubmed/32023351
https://doi.org/10.1002/jbmr.2996
https://www.ncbi.nlm.nih.gov/pubmed/27635523
https://doi.org/10.1002/jbmr.2458
https://doi.org/10.1016/j.jbo.2016.04.003
https://www.ncbi.nlm.nih.gov/pubmed/27761369
https://doi.org/10.1038/ncb2767
https://www.ncbi.nlm.nih.gov/pubmed/23728425
https://doi.org/10.1038/nrc.2016.44
https://www.ncbi.nlm.nih.gov/pubmed/27220481
https://doi.org/10.1038/ncomms9983
https://doi.org/10.1002/jcb.24793

Cancers 2023, 15, 2645 19 of 19

140. Kashima, T.G.; Dongre, A.; Oppermann, U.; Athanasou, N.A. Dentine matrix protein 1 (DMP-1) is a marker of bone-forming
tumours. Virchows Arch. 2013, 462, 583-591. [CrossRef]

141. Matsushita, Y.; Liu, J.; Chu, A.K.Y,; Tsutsumi-Arai, C.; Nagata, M.; Arai, Y.; Ono, W.; Yamamoto, K.; Saunders, T.L.; Welch, ].D.; et al.
Bone marrow endosteal stem cells dictate active osteogenesis and aggressive tumorigenesis. Nat. Commun. 2023, 14, 2383. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00428-013-1399-z
https://doi.org/10.1038/s41467-023-38034-2

	Introduction 
	Role of Osteocytes on Epithelial–Mesenchymal Transition, Migration, and Invasion of Cancer Cells 
	Prostate Cancer 
	Breast Cancer 
	Multiple Myeloma 

	Role of Osteocytes in Tumor Growth 
	Prostate Cancer 
	Breast Cancer 
	Multiple Myeloma 
	Mechanical Stimulation of Osteocytes 
	Inhibition of Osteocyte-Derived Notch Signals 
	Inhibition of Osteocyte-Derived Bone Remodeling Factors 

	Role of Osteocytes in Neo-Angiogenesis in the Bone Tumor Microenvironment 
	Role of Osteocytes in Cancer-Induced Osteoclastogenesis and Bone Resorption 
	Prostate and Breast Cancer 
	Multiple Myeloma 
	Other Cancers 
	Mechanical Stimulation of Osteocytes 
	Inhibition of Osteocyte-Derived Notch Signals 
	Inhibition of Osteocyte-Derived Bone Remodeling Factors 

	Role of Osteocytes in Cancer-Induced Modulation of Bone Formation 
	Prostate and Breast Cancer 
	Multiple Myeloma 
	Other Cancers 
	Mechanical Stimulation of Osteocytes 
	Inhibition of Osteocyte-Derived Bone Remodeling Factors 

	Conclusions 
	Future Directions 
	References

