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Abstract

Purpose of Review—In this review, we provide an overview of what is currently known about 

the impacts of mechanical stimuli on metastatic tumor-induced bone disease (TIBD). Further, we 

focus on the role of the osteocyte, the skeleton’s primary mechanosensory cell, which is central 

to the skeleton’s mechanoresponse, sensing and integrating local mechanical stimuli, and then 

controlling the downstream remodeling balance as appropriate.

Recent Findings—Exercise and controlled mechanical loading have anabolic effects on bone 

tissue in models of bone metastasis. They also have anti-tumorigenic properties, in part due to 

offsetting the vicious cycle of osteolytic bone loss as well as regulating inflammatory signals. The 

impacts of metastatic cancer on the mechanosensory function of osteocytes remains unclear.

Summary—Increased mechanical stimuli are a potential method for mitigating TIBD.
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Introduction

For several of the most common primary carcinomas (e.g., breast, prostate), the skeleton 

is the preferential metastatic site [1]. Tumor-induced bone disease (TIBD) resulting from 

metastasis is a major clinical problem that significantly harms patient outcomes. For breast 

and prostate cancers alone, which account for the greatest number of new cancer cases 
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annually in the USA, approximately 3 in 4 patients with advanced disease will get skeletal 

metastases, which is incurable [1]. Further, breast and prostate cancers account for 30% 

(the highest among women) and 11%, respectively, of all cancer-related deaths each year 

in the USA [1]. The primary role of the skeleton is to provide structural support, enabling 

locomotion and protection for internal muscles, as well as a storage depot for minerals 

(e.g., calcium). Metastatic tumor cells dysregulate the bone tissue homeostasis, resulting 

in significant bone fragility. In the case of osteolytic lesions, such as those from breast 

cancer, accelerated bone loss occurs. In the case of osteoblastic (or sclerotic) lesions, such 

as those from prostate cancer, new bone formation is stimulated, though it is woven and 

mechanically weak. Thus, TIBD directly compromises the structural competence of the 

bone, thereby increasing patients’ risk for suffering a skeletal related event (SRE). SREs 

(e.g., severe pain, fracture), which are most numerous in breast cancer patients, increase the 

risk for subsequent SREs [as many as four per year [2]] and early death on the order of 

weeks [3]. The occurrence of a single SRE decreases patient quality of life and survival with 

greater risk for subsequent SREs. Taken together, management of skeletal health is integral 

to cancer patient care.

As the skeleton’s primary role is a mechanical one, bone homeostasis is primarily regulated 

by the local mechanical environment. Mechanical signals serve as the principal rheostat 

from which the skeleton actively optimizes for strength while minimizing metabolic cost, 

and remodels itself accordingly through the coordinated actions of bone cells. Osteocytes 

sense and integrate mechanical signals, and then activate osteoclasts to resorb (i.e., remove) 

old or damaged bone followed by deposition of new bone by osteoblasts. Currently, 

anti-resorptive osteoporosis drugs, such as bisphosphonates and denosumab, are the gold 

standard for managing TIBD. While they slow down bone resorption and have some anti-

tumorigenic properties, they do not restore lost bone nor do they stimulate replacement 

of bone. Increased mechanical stimulation, typically in the form of physical activity, is 

a well-known anabolic therapy for bone. Exercise has been demonstrated to preserve or 

restore bone in multiple bone pathologies [4], and it also has documented anti-cancer 

effects [as reviewed elsewhere [5, 6]]. Exercise reduces the odds of getting cancer in 

the first place, improves quality of life, and numerous other measures in patients during 

and recovering from treatment, in part, due to reducing systemic inflammation. Its role is 

similarly beneficial in advanced disease [7–10], but the efficacy of exercise in addressing 

TIBD has been far less studied.

In recent years, multiple preclinical studies have pointed to the ability of increased 

mechanical stimulation to prevent or combat TIBD in vivo, particularly in lytic TIBD, and 

it may also have anti-tumorigenic properties [11••–19••]. However, much work remains to 

understand the cellular mechanisms underpinning its effects. In this review, we provide 

an overview of what is currently known about the impacts of mechanical stimuli on 

metastatic TIBD. Further, we focus on the role of the osteocyte, the skeleton’s primary 

mechanosensory cell as well as its most numerous. The osteocyte is central to the skeleton’s 

mechanoresponse, sensing and integrating local mechanical stimuli, and then controlling the 

downstream remodeling balance as appropriate [20], and has recently been discovered to 

have a role in TIBD [21]. Here, we also review its mechanosensory function in the context 

of TIBD.
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Overview of Healthy Skeletal Remodeling and Tumor-Induced Bone Disease 

(TIBD)

Healthy Remodeling

The skeleton is a metabolically active, endocrine organ that undergoes continuous 

remodeling throughout life, whereby old or damaged bone is replaced with new bone [22] 

(Fig. 1). The stages of bone remodeling consist of activation, resorption, reversal, formation, 

and termination. First, activation of osteogenic cells, such as stem cells, osteoblasts, and 

osteocytes, attracts osteoclast precursors to the remodeling site. There, they fuse into mature, 

multi-nucleated osteoclasts, adhering to the bone surface and resorbing the matrix by 

dissolving and digesting the mineral content. Following osteoclast apoptosis or osteoclast 

secretion of osteogenic agents, mesenchymal stem cells (MSCs) proliferate and differentiate 

into mature osteoblasts, the cells that secrete nonmineralized osteoid, which mineralizes 

over time. Mature osteoblasts then become quiescent bone lining cells, undergo apoptosis, or 

terminally differentiate into osteocytes [20, 23].

Osteocytes, the most abundant cells in the skeleton, are terminally differentiated osteoblasts 

that have been buried in their own matrix. During this process, their morphology changes 

from cuboidal to stellate, facilitating the formation of an extensive interconnected network 

throughout the bone matrix called the lacunar-canalicular network (LCN). The widely 

connected LCN consists of the osteocyte cell body residing in a lacuna and its dendrites 

in canaliculi, all of which are bathed in fluid. Osteocytes connect both among themselves 

and all other cells in the skeleton via their extensive dendritic processes and gap junctions. 

Through the LCN, they are able to sense and integrate physiochemical signals, and 

appropriately control the balance between osteoclast and osteoblast activities via secretions 

of signaling proteins. During healthy remodeling, resorption and formation are balanced, 

maintaining bone mass. Healthy remodeling additionally includes shifting the balance 

towards net resorption or formation as needed in response to mechanical signals, described 

in detail in “Bone Functional Adaptation and TIBD” section.

The cellular interactions during remodeling are regulated by a multitude of paracrine 

signals [22]. MSCs, osteoblasts, and osteocytes express signaling proteins that promote 

osteoclastogenesis, most notably macrophage colony-stimulating factor and receptor 

activator of nuclear factor kB Ligand (RANKL) [24–26]. They also express osteoprotegerin 

(OPG), a soluble RANKL inhibitor [27]. The local ratio of RANKL and OPG serves as an 

essential regulatory mechanism for directing the balance between osteoclastic resorption and 

osteoblastic formation. RANKL:OPG can also be altered by cytokines and growth factors, 

giving insight into how certain disease states can affect the remodeling process [22]. Several 

other signaling pathways are important for regulating bone homeostasis, such as Wnts 

and bone morphogenetic proteins [reviewed extensively elsewhere [28, 29]]. Osteocytes, 

however, have primary control over osteoclastogenesis because they express OPG and 

RANKL in larger quantities than osteoblasts or MSCs [25]. Osteocytes have additional 

control over the remodeling balance through constitutive expression of sclerostin and 

dickkopf-1 (DKK1), proteins that inhibit pro-osteoblastic Wnts and whose expressions are 

modulated by mechanical stimuli [30, 31]. Finally, apoptotic osteocytes recruit osteoclasts 
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via RANKL release to initiate targeted bone resorption [32]. This results in the removal of 

“dead” bone and may improve the mechanical properties of the skeleton.

Other Cells in Remodeling

The bone marrow acts as the primary site in the body for hematopoiesis as well as 

plays a central role in supporting systemic immunity by housing immune progenitors (i.e., 

hematopoietic stem cells). Interestingly, bone itself also has a local immune environment 

with crosstalk between bone cells and immune cells. Relative to its surroundings, the 

bone has a low abundance of cytotoxic T cells and high proportion of regulatory T 

cells and myeloid-derived suppressor cells [33]. These immune cells play important roles 

in skeletal turnover production of OPG and RANKL, for instance. B and T cells are 

sources of OPG and RANKL and contribute to the overall RANKL:OPG ratio [34], 

which in-turn has an effect on the state of the overall bone remodeling process. These 

cells also have the ability to influence osteoclastogenesis, depending on the state of local 

inflammatory stimuli. For instance, B cells promote osteoclastogenesis when there is no 

inflammatory stimulus but switch to osteoclast inhibition under proinflammatory conditions 

[35]. Macrophages, neutrophils, and dendritic cells are also located in the bone marrow to 

alter bone remodeling by modulating bone cell differentiation and cytokine and chemokine 

secretion [36]. Conversely, bone cells also regulate the immune system in the bone by 

forming an “endosteal niche,” where osteoblasts regulate HSC populations and osteocytes 

are required for B and T cell lymphopoiesis [36–38]. Immune cells also modulate bone 

remodeling in disease, as inflammatory arthritis drives secretion of tumor necrosis factor 

alpha in the bone marrow of mice to promote osteoclastogenesis [39].

Metastatic Tumor-Induced Bone Disease (TIBD) and Remodeling

In breast cancer, TIBD typically manifests as osteolytic lesions (Fig. 1). Breast cancer 

cells hijack the bone remodeling process [40] by upregulating osteoclast activity by 

secreting parathyroid hormone-related protein (PTHrP), which increase RANKL production 

in osteoblasts with subsequent stimulation of osteoclasts. With a shift in remodeling towards 

net bone loss, bone-derived growth factors (e.g., TGFβ) are released that “feed” the tumor 

[41]. For this reason, anti-resorptive drugs such as bisphosphonates, which target osteoclasts, 

and denosumab, a human monoclonal antibody directed against RANKL, are used clinically 

to interfere with this “vicious cycle” [42, 43]. In the case of osteoblastic (or sclerotic) 

lesions, such as those from prostate cancer, new bone formation is stimulated, though it 

is woven and mechanically weak, thus prone to SREs. Anti-catabolic therapies are also 

used to treat metastatic prostate cancer bone lesions, typically to prevent bone loss from 

androgen deprivation therapy [44]. However, some patients do not respond to treatment, 

and recurrence is common, indicating that other cells have roles in the progression of 

cancer metastasis [45]. New anti-resorptive therapies, such as sclerostin inhibitors, have 

shown promise in reversing bone loss in mouse models of breast cancer [46]. Currently, 

bone therapies are limited to improving bone health and limiting the progression of bone 

metastases, and are unable to cure patients of TIBD [47]. The limitations of available 

therapies highlight the need to investigate the diverse cellular and mechanical players driving 

TIBD to improve treatment options for patients.

Sarazin et al. Page 4

Curr Osteoporos Rep. Author manuscript; available in PMC 2024 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Osteocytes were definitively associated with TIBD in multiple myeloma patients, whereby 

elevated circulating sclerostin [48] as well as increased osteocyte death [49] was correlated 

with TIBD and abnormal bone remodeling. In the ensuing years, much work has helped 

identify their role in bone metastases. In vivo, osteocyte connexin 43 hemichannel 

activity is an important mediator of breast cancer suppression. Mice lacking connexin 

43 have increased breast tumor growth that is resistant to bisphosphonate treatment [50]. 

Furthermore, metastatic cancer may exert a deleterious effect on the ordering of osteocyte 

LCN. Specifically, the LCN became largely disorganized and misshaped in an in vivo 

model of bone metastatic melanoma [51], an effect that may potentially disrupting osteocyte 

communication and overall mechanosensitivity [52]. Many studies in recent years have 

focused on the interplay between osteocytes and metastatic cancers in the context of 

mechanics due to the fact that the bone remodeling process is often driven by mechanics.

As their progenitors are housed in marrow tissue, immune cells play a vital role in the 

pathology and progression of TIBD, supporting the tumor microenvironment to drive bone 

resorption and tumor progression. Tumor-associated macrophages (TAMs) and CD4+ T 

cells, including Th17 and Tregs, support osteoclastogenesis and bone metastasis progression 

by secretion of both pro- and anti-inflammatory cytokines and chemokines [53, 54]. 

Immature dendritic cells promote multiple myeloma disease progression and contribute 

to pathological bone destruction by recruiting osteoclasts and also transdifferentiating into 

osteoclast-like cells [55]. Plasmacytoid dendritic cells have been shown to promote lytic 

TIBD and metastatic progression in a mouse model of breast cancer bone metastasis by 

inducing a Th2 immune response characterized by elevated Tregs and myeloid-derived 

suppressor cells (MDSCs) [56]. MDSCs drive an immunosuppressive and tumorigenic 

microenvironment in the bone marrow, and can also differentiate into osteoclasts in 

myelomas, further supporting TIBD [54]. Interestingly, bisphosphonate treatment has been 

shown to reduce the MDSC population in the bone marrow of a mouse spontaneous breast 

cancer tumor-bearing mice [57]. The bone marrow acts as a reservoir for another myeloid 

population, neutrophils, which play an important role in TIBD. Neutrophils can carry out 

proinflammatory N1 or pro-tumorigenic N2 functions, primarily dependent on tumor type 

[58]. In metastatic prostate cancer patient bone biopsies, neutrophils were recruited to the 

tumor lesions in the bone, yet the neutrophils were cytotoxic and restricted bone metastasis 

progression in mice [59]. In breast cancer, abundant TAMs in primary tumors correlate 

with metastasis and a poor prognosis, and bone metastases have significantly higher 

TAMs than primary tumors [60]. M2 protumorigenic and anti-inflammatory macrophages 

carry out efferocytosis of apoptotic prostate cancer cells in the bone to promote an 

immunosuppressive tumor microenvironment, and promote metastatic tumor growth [61]. 

Yet, macrophage efferocytosis has also been shown to acquire a proinflammatory profile to 

support prostate cancer growth in the bone marrow, reflecting that immune cells distinctly 

regulate the tumor microenvironment in the bone to promote metastatic cancer progression 

[62].
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Bone Functional Adaptation and TIBD

Mechanostat Overview

In the skeleton, dynamic biomechanical forces comprise a crucial biological rheostat 

that maintains a skeleton sufficiently strong to withstand daily physical activity while 

minimizing metabolic cost. The “mechanostat” is the feedback process by which this 

functional adaptation is governed [63]. Physical activity is well-documented to shift 

remodeling to net formation in adolescents [64], athletes in high-impact sports [e.g., tennis 

[65]], and pre-menopausal women [66] (Fig. 1). It imparts external forces applied to the 

whole bone, which causes mechanical strains to arise in the bone tissue that are ultimately 

transmitted to the cells within, osteocytes in particular (Fig. 2) [22]. It is also protective 

against bone loss during pathologies, such as type I osteoporosis [67], and can even restore 

lost bone [68]. Its efficacy against TIBD, as discussed below, is much less established.

Osteocytes: Mechanosensors of the Mechanostat

Osteocytes are considered to be “master orchestrators” [23] of the bone remodeling process 

because they are the primary mechanosensory cell in the skeleton. As such, they are the 

principal actors in governing the overall architecture and mass of bone in order to provide 

a structure that resists habitual loads. In conditions of reduced or insufficient mechanical 

loading (e.g., bedrest, microgravity), osteocytes increase their secretion of catabolic factors, 

such as sclerostin and DKK1, thereby inhibiting osteoblast differentiation and function [69]. 

In contrast, increased mechanical loading downregulates osteocyte expression of sclerostin 

and RANKL, leading to a proformation remodeling environment [70] (Fig. 1). Physical 

activity-induced fluid flow and matrix deformations are critical signals that osteocytes 

sense and integrate [as reviewed extensively elsewhere [20, 23]] to appropriately coordinate 

downstream activities of osteoblasts and osteoclasts. Without mechanical loading, osteocytes 

undergo cell death, and without osteocytes, mechanotransduction is severely impaired [23, 

32].

Immune Cells, Osteocytes, and the Mechanostat

Cells residing in the bone marrow tissue—MSCs, HSCs, immune cells, etc.—are also 

mechanosensitive, and contribute to the canonical bone remodeling process during loading. 

For example, mechanical loading applied to megakaryocytes promoted their differentiation 

into platelets [71] as well as augmented their inhibition of osteoblast differentiation [72]. 

While osteoimmunology (the study of the cross-regulation between bone cells and the 

immune system) is an ever-growing field, much work is needed to unravel the intersection 

among it, the mechanostat, and TIBD. Osteocytes, though, are likely to play pivotal roles. 

Osteocytes secrete and are influenced by inflammatory cytokines related to remodeling 

typically in a positive feedback loop exacerbating bone loss [73]. Many of these cytokines 

are featured in bone cancers (see “Metastatic Tumor-Induced Bone Disease (TIBD) and 

Remodeling” section), are mechanoresponsive, and have overlapping roles in remodeling. 

For example, TNF-α is a proinflammatory cytokine that stimulates osteoclastogenesis 

directly as well as indirectly via increased osteocytic RANKL secretion [74]. Moreover, the 

mechanoresponse of osteocytes was blunted when they were treated with TNF-α [75], while 

osteocyte secretion of TNF-α was reduced with loading [76], highlighting the reciprocal 
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role of signaling proteins in bone and immune functions. To the authors’ knowledge, no 

studies have investigated how mechanical loading applied to a model of bone metastatic 

cancer influences the immune system, or vice versa. A recent study, though, demonstrated 

that osteocytes responded to disuse (via hindlimb unloading) by upregulating their secretion 

of proinflammatory cytokines (i.e., TNF-α, IL-6) and that exogenous irisin, an exercise-

induced cytokine, abrogated this response [77], suggesting that an anabolic signal such as 

loading may similarly stifle pro-tumorigenic immune signals.

Mechanical Loading in Bone Metastatic Cancer

Physical Activity/Exercise in Cancer Patients

Physical activity has been widely documented to reduce the risk of many types of cancer, 

including breast [6, 78, 79]. Research to date suggests that physical activity may actually 

decrease the risk of recurrence and prolong overall survival in women with primary 

breast cancer. For example, Friedenreich et al. reported a significant association between 

prediagnosis and postdiagnosis physical activity and survival [5]. The intensity of the 

physical activity is also important [6], where running had a much greater reduction in 

mortality (41%) than did walking (4.6%) [80]. In the context of bone health, exercise has 

similar protective effects as identified previously. One year of Football Fitness training 

improved L1-L4 BMD, leg muscle strength, and postural balance in women treated for 

early-stage breast cancer [81], although the effects may not persist indefinitely [82], similar 

to what has been seen in other bone pathologies. Some of the additional benefits include 

reduction in inflammation, fatigue, and body weight alongside improved quality of life and 

physical condition [10].

In the context of advanced disease, exercise-containing interventions result in improvements 

in overall physical function and quality of life/fatigue [7–9] as well as overall survival 

[10]. For patients with bone metastasis specifically, though, more work is needed to tailor 

interventions for improved bone measures in a particularly at-risk patient population [83]. To 

highlight this point, while exercise interventions that combined resistance and aerobic had 

positive effects on lumbar BMD in breast cancer survivors [84, 85], bone metastasis patients 

are at the highest risk for serious complications from exercise, with spinal cord compression 

being one of the most severe. To this end, the International Bone Metastases Exercise 

Working Group is currently working to establish the first exercise guidelines for adults 

with bone metastases based upon widespread surveys of physicians, physical therapists, 

and exercise physiologists with clinical or research expertise in providing medical and/or 

exercise advice to individuals with bone metastases [86].

Impacts of Exercise on TIBD in Preclinical Models

Preclinical studies of exercise include forced treadmill running or swimming, and voluntary 

wheel running of rodents. Many have been conducted in an effort to understand mechanisms 

of and capitalize upon the benefits of exercise in preventing primary cancer incidence 

and progression as well as improving patient outcomes [reviewed in [87]]. Even though 

the totality of preclinical studies is highly heterogeneous, many support clinical findings 

and offer insight into mechanisms. For example, treadmill running may cause a shift in 
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the metabolism of orthotopic mammary tumors, resulting in tumor cell starvation [88]. 

Further, swimming promoted immune system polarization toward an anti-tumor response via 

modulation of T cells, MDSCs, and dendritic cells [89–91].

Until recently, however, no exercise studies had been conducted to study metastatic bone 

disease. An excellent study from Wang et al. showed that moderate treadmill running in 

mice also suppressed TIBD [19••]. Importantly, this study utilized a syngeneic mouse model 

and utilized mouse ages much older than are typically used (i.e., 14 weeks versus 6 weeks 

of age), better reflecting patient physiology. Hence, this study and the models used therein 

provide a strong case for the utility of mechanical stimulation to combat TIBD in a clinical 

setting.

Impacts of Exercise Analogues (Controlled Loading) on TIBD in Preclinical Models

More work researching the impacts of loading on TIBD has been conducted using in vivo 

exercise analogues. In such models, controlled dynamic forces are applied to rodent limbs to 

mimic physical activity. To data, only three model systems that are known to stimulate bone 

formation—tibial compression, joint compression, and low-intensity vibration—have been 

used to study the interplay between mechanical stimuli and TIBD. Though only less than 10 

studies have been published to date, mostly using breast cancer bone metastasis models, they 

have all generally shown increased mechanical stimulation to be protective against TIBD 

and inhibit tumor progression in both immunocompromised and immunocompetent (i.e., 

syngeneic) mice.

Tibial compression applies forces to the tibia in the axial direction, and is well-documented 

to stimulate bone formation [92] and protect against pathological bone loss [93]. Studies 

applying tibial compression to mouse models of bone metastatic breast cancer [11••, 12, 14, 

19••] and multiple myeloma [13] demonstrated that increased mechanical stimuli generally 

suppresses TIBD as well as tumor growth in the injected limbs [11••–14, 19••]. While 

the benefits of increased loading surpassed those from a therapeutic anti-osteoclast drug 

(i.e., spebrutinib), even when the two were combined [14], the skeletal benefits may be 

reversed at higher, damage-inducing magnitudes [11••, 19••]. Using tibial compression, 

several potential mechanisms for the protective benefits of loading have been found in 

osteocytes specifically, including through altered TGF-β signaling and osteopontin secretion 

in osteocytes [11••], or by reducing the fraction of apoptotic, hypoxic, and HIF+ osteocytes 

[19••].

In joint loading models, forces are applied laterally across the joint. These models have 

provided similar anti-tumorigenic and bone-protective results in the context of metastatic 

breast cancer. Knee loading reduced tumor burden and was protective against TIBD in 

limbs intratibially injected with breast cancer cells [18•]. Interestingly, in the same study, 

knee loading also appeared to reduce the growth of tumors in the mammary fat pad via 

systemic alterations in metabolism, as evidenced by decreased cholesterol and volatile 

organic compounds in urine. Similarly, ankle loading was also protective against breast 

cancer cell-induced osteolysis and growth in injected tibiae [15]. Importantly, these results 

also held for obese mice [16]. Obesity is a predisposition to a chronic, proinflammatory 

state via increased inflammatory mediators (e.g., TNF-α), and is a known correlate of breast 
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cancer patient morbidity [94], highlighting that anabolic signals in the bone mechanical 

environment, even in the absence of aerobic exercise, may stifle pro-tumorigenic immune 

signals.

Finally, low-intensity vibration (LIV) applies very low forces (<10 με) at high frequencies 

(20–100 Hz). LIV successfully mitigated tumor growth while protecting bone integrity in an 

in vivo model of multiple myeloma [17] as well as in aged mouse model of spontaneous 

granulosa cell ovarian cancer [95]. LIV may be a safe anabolic method for patients with very 

fragile skeletons [96], particularly those with overt bone disease from metastatic tumors, but 

this question remains outstanding to date.

Direct Loading of Cancer Cells In Vitro

Mechanical signals are well-recognized to modulate the behavior of cancer cells [97], 

typically studied in the context of their primary site. However, the mechanical environment 

of the skeleton has a very different mechanical environment than most of the body. Thus, 

recapitulating skeletal signals, for example, cyclic ones, is crucial for understanding how 

metastatic tumor cells function in a bone microenvironment. To this end, a number of in 

vitro studies have utilized loading that mimics skeletal signals, such as oscillatory fluid flow 

or dynamic compression. A recent meta-analysis showed that, generally, applied loading 

significantly reduced breast cancer cell viability, proliferation, and tumorigenic potential 

[98]. This analysis included reports of direct and controlled loading of cancer cells [e.g., 

cyclic compression applied to a bone-mimetic scaffold laden with MDA-MB-231 cells [12]] 

as well as culturing cancer cells with serum collected from exercise intervention participants 

[e.g., cycling [99]]. Interestingly, sera collected following an acute bout of high-intensity 

exercise (i.e., a single, high-intensity endurance cycling session) decreased tumorigenic 

measures in breast cancer cells far more than did sera following a 9-week period of regular 

(3–4 sessions/week) exercise [99], highlighting a need to determine the impacts of specific 

types and volumes of exercise.

Impacts of Mechanically Loaded Osteocytes on Cancer Cells In Vitro

In vivo, metastatic tumor cells and resident bone cells interact, with skeletal mechanical 

signals modulating their interactions. Osteocytes, being the primary mechanosensor and 

mechanotransducer cell in bone, would intuitively have downstream effects on tumor cells 

dependent upon the mechanical environment. Research to date, however, is inconsistent. For 

example, conditioned media collected from mechanically loaded osteocytes has increased 

[100] and decreased breast cancer cell proliferation [11••, 50] as well as increased [11••, 

100] and decreased tumor migration [50, 101•]. Some of the discrepancies may be attributed 

to a variety of differing experimental parameters: loading regimes [i.e., steady [50] versus 

oscillatory flow [11••, 50, 100, 101•]], and the use of osteocyte cell lines at varying stages 

[i.e., early [11••, 50, 100, 101] versus middle [11••]]. The Yokota lab, though, demonstrated 

that conditioned media from both early- and late-stage osteocytes consistently promoted 

migration and inhibited proliferation across six types of mammary tumor cells (mouse 

and human) [11••]. A further consideration is indirect osteocyte mechanotransduction to 

metastatic tumor cells via resident cells. Specifically, several studies from the You lab 

have revealed that the anti-metastatic potential of flow-stimulated osteocytes is mediated 

Sarazin et al. Page 9

Curr Osteoporos Rep. Author manuscript; available in PMC 2024 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by osteoclasts and endothelial cells. Specifically, applying conditioned media from flowed 

osteocytes directly to MDA-MB-231 cells increased their migration while reducing their 

apoptosis [100]. In contrast, conditioned media from osteoclasts or endothelial cells cultured 

in conditioned media from flowed osteocytes reduced breast cancer cells’ migration while 

increasing their apoptosis. They went on to further show that flowed osteocytes reduced 

endothelial permeability, reduced breast cancer cell adhesion to endothelial monolayers, and 

reduced extravasation distance, thereby downregulating bone-metastatic potential by indirect 

signaling through endothelial cells [101•, 102].

Impacts of Cancer Cells on Osteocytes

Osteocyte dysfunction, particularly in their ability to mechanosense, contributes to skeletal 

disease in multiple pathologies (e.g., chronic kidney disease [103], hyperparathyroidism 

[104]). However, while tumors in the skeletal clearly impact osteocytes, much work remains 

to fully elucidate the full extent. Only ~10 years ago, OCys were definitively implicated in 

TIBD. Increased lesions, osteoclast formation, and bone loss in late-stage multiple myeloma 

patients were correlated with increased osteocyte apoptosis and circulating levels of DKK1 

and sclerostin [48, 49]. In a preclinical multiple myeloma model without any loading 

treatment, osteocytes and tumor cells physically interacted, reciprocally signaling via Notch, 

ultimately increasing osteocyte apoptosis and RANKL and sclerostin expression [105]. In 

separate studies, the osteocyte network was markedly disorganized in cancer-bearing bone 

tissues in both multiple myeloma [106] and bone metastatic melanoma [51] preclinical 

models, suggestive of a concomitant dysfunctional mechanoresponse. Finally, the Bonewald 

lab recently demonstrated that even non-bone metastatic cancers (i.e., colon, ovarian, and 

lung) altered the osteocyte LCN and dramatically increased osteocyte death [107•].

Far fewer studies have incorporated mechanical loading. Applying perfusion via rocking, 

we have shown that early-stage osteocytes could still undergo loading-induced dendrite 

formation despite the presence of breast cancer conditioned media [108•]. However, when 

conditioned media was collected from MDA-MB-231 cells that under rocking perfusion 

and subsequently used to culture osteocytes during loading, osteocyte OPG expression was 

inhibited while RANKL expression was unaffected. Thus, the osteocyte RANKL:OPG ratio 

increased upon culture with conditioned media from loaded breast cancer cells, a more 

physiological scenario, highlighting that loading impacts both cell types and their reciprocal 

interactions.

Conclusions and Future Directions

Increased mechanical stimulation in the skeletal microenvironment is now understood to 

play a major role in metastatic TIBD, and much work is ongoing to identify and study the 

underlying mechanisms. Research approaches include both controlled applied loading and 

exercise models, and in vivo and in vitro model systems. Central to the interaction between 

loading and TIBD is the osteocyte, the “master orchestrator” of bone homeostasis and the 

central mechanosensory cell.

Osteocytes and their progenitors span a long lineage from MSCs to osteoblasts to osteocytes. 

Osteogenic cells at each step of the differentiation process are mechanoresponsive and 
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also interact with tumor cells. During the transition from osteoblast to osteocyte, the 

cell undergoes a dramatic change in morphology (i.e., cuboidal to stellate) and function. 

Osteocyte differentiation is typically classified to one of three phases: embedding/osteoid, 

mineralizing osteocytes, and mature osteocytes. Whether the role of osteocytes in TIBD 

is conserved across each phase is unknown. The majority of in vitro studies utilize the 

early-stage osteocyte cell line, MLO-Y4s [11••, 50, 100–102, 108•–110], though cell 

lines that mimic mature osteocytes [e.g., IDG-SW3s [111], OCY454s [112]], specifically 

by expressing sclerostin, now exist and are only beginning to be utilized. Recently, 

the Bonewald group utilized the IDG-SW3 line in conjunction with mouse models to 

demonstrate that even non-bone metastatic cancers (e.g., ovarian) impact osteocytes and 

the LCN [107•] with likely impacts on mechanosensing and transducing. Future work 

understanding the intersection among the osteocyte lineage, loading, and TIBD will help 

produce more targeted therapies.

Metastatic TIBD can present as osteolytic, sclerotic (osteoblastic), or mixed. The vast 

majority of studies investigating the impacts of loading on TIBD have focused on osteolytic 

cancers (e.g., breast, prostate) because of the strong anabolic signal increased loading 

provides. Sclerotic bone is characterized by poorly organized bone tissue, reminiscent of 

woven bone, and is also mechanically weak. Thus, patients with sclerotic TIBD, such as 

the majority of those with advanced prostate cancer, are also highly susceptible to SREs, 

such as fracture. Modulating the mechanical environment during fracture healing, which 

includes remodeling of woven bone, improves mechanical outcomes [113]. Determining 

whether loading is a potential avenue for stimulating the replacement of sclerotic bone with 

mechanically competent bone should be investigated.

Primary cancers often encompass multiple molecular subtypes. For example, breast cancer 

is classified based on four clinical subtypes, which are categorized according to gene 

expression of hormone receptor (HR) and human epidermal growth factor receptor 2 

(HER2) status: HR+/HER2−, HR+/HER2+, HR−/HER+, triple negative [114]. Despite 

clinical differences in disease presentation (i.e., lytic, mixed, blastic), time of incidence 

(i.e. dormancy), and other distinguishing tumor features, the skeleton is the predominant 

distant metastatic site for all subtypes. Understanding the impacts of mechanical loading on 

the tumor subtypes is necessary for translation to the clinic.

Much of the future work outlined above will involve the generation and utilization of better 

model systems, in vivo and in vitro. Syngeneic mice provide the benefit of an intact immune 

system [11, 13, 19, 106], which is clearly a better physiological mimic of physiology, with 

the trade-off that they preclude the use of human cells. In the context of loading, exercise 

models such as running [19] are more realistic in terms of clinical application, but controlled 

loading such as tibial compression [11••–14, 19••] provides for isolating the impacts of 

mechanical stimuli on bone tissue in the context of TIBD. In vitro, 3D models for osteocyte 

mechanobiology and TIBD are a necessity. You et al. has recently made strides in the 

development of a microfluidic chip that demonstrated mechanically loaded osteocytes in 

3D reduced breast cancer extravasation through endothelialized channels [101•]. With other 

3D osteocyte platforms coming online, combined with physiological in vivo models, the 
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knowledge gained therein will lead to a better understanding of the intersection of loading, 

osteocytes, and TIBD, as well as better patient treatment options.
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Fig. 1. Bone remodeling scenarios.
Healthy remodeling is characterized by balanced osteoclastic resorption and osteoblastic 

formation. When mechanical stimuli increases, for example due to exercise, the remodeling 

balance shifts towards formation. Increased loading promotes osteogenic differentiation of 

osteoblast progenitors (i.e. MSCs), osteoblast activity, and inhibits both osteoblast apoptosis 

and osteoclast activity. In contrast, during osteolytic bone metastatic cancer, tumor cells 

secrete PTHrP to stimulate osteoblast RANKL production, thereby stimulating osteoclastic 

resorption. In the process, growth factors are liberated from bone tissue that literally feed the 

tumor cells, thereby establishing a positive feedback loop known as the ‘vicious cycle’ [37]

Sarazin et al. Page 19

Curr Osteoporos Rep. Author manuscript; available in PMC 2024 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Generation of loading-induced fluid flow within the LCN.
A) Osteocytes are situated within the lacunocanalicular network (LCN), which is filled with 

extracellular fluid. B) Upon loading, the hydrated tissue deforms, pressurizing the fluid 

within. Fluid flows over osteocytes, from zones of high pressure to low pressure
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