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Abstract

Bone metastasis, the leading cause of breast cancer-related deaths, is characterized by bone 

degradation due to increased osteoclastic activity. In contrast, mechanical stimulation in healthy 

individuals upregulates osteoblastic activity, leading to new bone formation. However, the effect 

of mechanical loading on the development and progression of metastatic breast cancer in bone 

remains unclear. Here, we developed a new in vivo model to investigate the role of skeletal 

mechanical stimuli on the development and osteolytic capability of secondary breast tumors. 

Specifically, we applied compressive loading to the tibia following intratibial injection of 

metastatic breast cancer cells (MDA-MB231) into the proximal compartment of female 

immunocompromised (SCID) mice. In the absence of loading, tibiae developed histologically-

detectable tumors with associated osteolysis and excessive degradation of the proximal bone 

tissue. In contrast, mechanical loading dramatically reduced osteolysis and tumor formation and 

increased tibial cancellous mass due to trabecular thickening. These loading effects were similar to 

the baseline response we observed in non-injected SCID mice. In vitro mechanical loading of 

MDA-MB231 in a pathologically relevant 3D culture model suggested that the observed effects 

were not due to loading-induced tumor cell death, but rather mediated via decreased expression of 

genes interfering with bone homeostasis. Collectively, our results suggest that mechanical loading 

inhibits the growth and osteolytic capability of secondary breast tumors after their homing to the 

bone, which may inform future treatment of breast cancer patients with advanced disease.

Keywords

METASTASIS; OSTEOLYSIS; BREAST CANCER; MECHANICAL LOADING

Address correspondence to: Claudia Fischbach, PhD, Cornell University, 157 Weill Hall, Ithaca, NY 14853, USA. Cf99@cornell.edu. 

Additional Supporting Information may be found in the online version of this article

Disclosures
All authors state that they have no conflicts of interest.

HHS Public Access
Author manuscript
J Bone Miner Res. Author manuscript; available in PMC 2015 July 10.

Published in final edited form as:
J Bone Miner Res. 2013 November ; 28(11): 2357–2367. doi:10.1002/jbmr.1966.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Bone metastasis is the leading cause of breast cancer–related deaths among women 

worldwide(1) and increases patient morbidity and mortality by promoting nerve 

compression, pain, bone fragility and fracture, and hypercalcemia.(2–4) In healthy 

individuals, homeostatic bone remodeling involves bone resorption by osteoclasts and 

replacement by bone-forming osteoblasts. However, in the presence of a tumor, the relative 

activities of these two cell types are perturbed, and overall bone mass is reduced because 

tumor cells enhance the concentration of pro-osteoclastic factors within bone.(4,5) The 

resulting increase in osteoclastogenesis stimulates net resorption and release of pro-

tumorigenic growth factors from the bone extracellular matrix, thereby activating the 

“vicious cycle” of osteolytic bone metastasis.(6)

Because metastatic breast cancer frequently localizes to regions of cancellous bone that are 

load-bearing (eg, hip, spine) and therefore more susceptible to fracture, bed rest is 

sometimes prescribed for patients with high risk for fracture. Yet the skeleton is sensitive to 

its mechanical environment, and lack of physical stimulation, eg, due to bed rest, promotes 

bone loss.(7,8) In contrast, mechanical loading can increase bone mass due to its ability to 

upregulate osteoblast activity(9,10) and may prove beneficial for diseases associated with 

excessive osteolytic bone remodeling as has been shown for osteoporosis.(11,12) In fact, 

physical exercise shows promise as an adjuvant therapy for breast cancer patients.(13,14) 

However, the role of mechanical stimulation in breast cancer–associated osteolytic bone 

remodeling is largely unknown. Here, we propose that mechanical stimulation represents an 

important microenvironmental parameter regulating the growth and osteolytic capability of 

secondary breast tumors in bone.(15)

In vivo models of controlled loading have previously been established to determine the 

effect of specific loading parameters on bone formation. For example, increased strain rate 

enhances the skeletal response to loading,(16) a result that has been incorporated into 

exercise therapy regimes for postmenopausal women.(17) Furthermore, tibial compression 

elevates cancellous bone mass in hormone-deficient, osteoporotic mice and prevents bone 

loss in aged mice.(18,19) Here, our goal was to build on these studies and develop an in vivo 

loading model of secondary metastatic tumor growth in bone to determine whether 

mechanical stimulation of bone plays a role in metastasis-driven osteolysis and tumor 

formation. To accomplish this goal, we injected human breast cancer cells into the proximal 

tibia of immunocompromised mice prior to applying tibial compression. Because the 

loading response of these mice is unknown, we first determined the relationship between 

applied compression and bone tissue deformation through strain-gauging of the cortex. 

Subsequently, we investigated the hypothesis that mechanical loading increases cancellous 

bone mass and inhibits resorption, thereby inhibiting tumor establishment and growth. To 

investigate our hypothesis, we assessed overall bone mass and architecture and tissue 

composition as a function of loading via micro–computed tomographic and histological 

analysis, respectively. To evaluate specific molecular mediators underlying loading-induced 

changes in tumor cell behavior under well-defined conditions, we additionally applied 
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compressive mechanical loading to a 3D mineral-containing culture model seeded with 

human metastatic breast cancer cells.

Subjects and Methods

Animals

Female severe-combined immunodeficient (SCID; Jackson Laboratory, Bar Harbor, ME, 

USA) mice were housed 3 to 5 animals per cage with ad libitum access to food and water. 

Body masses were recorded daily and used to monitor the health of the mice over the course 

the experiment. All experimental procedures using animals were performed in accordance 

with Cornell University’s Institutional Animal Care and Use guidelines.

In vivo load-strain calibration

To establish the relationship between applied tibial compression and bone tissue 

deformation for SCID mice, the left tibiae of 5 mice were strain-gauged and loaded using 

methods previously established.(20) This relationship was used to determine the peak applied 

force that engendered +600 μɛ at the medial midshaft of the tibia, as representative of 

physiological high-strain conditions of a mouse during a 30 cm jump.(21) In brief, a single-

element strain-gauge (EA-06-015LA-120; Micro-measurements, Raleigh, NC, USA) was 

attached to the medial surface of the tibial midshaft aligned with the bone’s long axis (Fig. 

1C). While mice were anesthetized (2% isoflurane, 1.0 L/min; Patterson Veterinary, Devens, 

MA, USA), a range of dynamic compressive loads (peak loads ranging from −3 to −15 N) 

was applied, and strain measurements recorded simultaneously (Labview v8.2; National 

Instruments, Austin, TX, USA) (Fig. 1A). The slopes of the strain-load regressions were 

−0.0068 N/μɛ (95% CI, −0.0078 to −0.0058). A peak compressive load of 4.1 N induced 

+600 μɛ in SCID mice and was applied in all further experiments (Fig. 1B).

Tumor cells and tumor inoculation

MDA-MB231 human breast cancer cells (MDAs; ATCC, Manassas, VA, USA) were 

maintained in complete DMEM (DMEM [Invitrogen, Carlsbad, CA, USA] supplemented 

with 10% fetal bovine serum [Tissue Culture Biologicals, Long Beach, CA, USA] and 1% 

penicillin/streptomycin [Invitrogen]) under standard cell culture conditions (37°C, 5% CO2).

At 7 weeks of age, 46 mice were randomized into tumor (n = 24) and control (n = 22) 

groups. MDAs were injected into the left tibiae of the tumor group as described.(22–24) PBS 

alone was sham-injected into tibiae of the control group. Briefly, mice were anesthetized as 

previously described and tibiae were surgically exposed. With the knee in the flexed 

position, the cell suspension (5 × 105 cells suspended in 20 μL sterile PBS) or PBS (20 μL) 

was injected through the tibial plateau with a 27-gauge needle into the marrow space of the 

proximal compartment.

In vivo tibial compression

One day following injection, mice were further randomized into loaded and nonloaded 

groups (tumor: n = 12/group, control: n = 10–12/group). Typically, loading studies use the 

contralateral limb as an internal, nonloaded control.(25) However, because tumor-derived 
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circulating factors can have systemic effects, separate animals were used to compare loaded 

and nonloaded tumor-bearing tibiae. For loading, the left limbs of mice were subjected to 

dynamic compressive loading for 2 or 6 weeks using an established protocol (1200 cycles at 

4 Hz, 5 days/week)(26); nonloaded control mice only underwent anesthesia. During all 

loading sessions, mice were maintained under general anesthesia as previously described. 

Normal cage activity was allowed between loading sessions. Appropriate localization of 

tumor cells to the intratibial cavity was confirmed via in vivo bioluminescent imaging 

following injection of luciferase-expressing MDAs in a separate group of animals 

(Supplementary Fig. S1).

To characterize the baseline adaptive response of SCID mice in the absence of intratibial 

sham injections, 10 mice underwent tibial compression for 2 or 6 weeks (n = 5/group). For 

these studies, the right limb served as the nonloaded, internal control.

At experimental endpoints, mice were euthanized by CO2 inhalation. Tibiae were dissected 

free of soft tissue, fixed in 10% neutral buffered formalin for 48 hours, and then stored in 

70% ethanol.

Micro–computed tomography

Cancellous bone mass and architecture and total tibial length were assessed using 

quantitative micro–computed tomography (μCT) (μCT35; Scanco Medical AG, Brüttisellen, 

Switzerland; 55 kVp, 145 mA, 600-ms integration time, no frame averaging). A 0.5-mm 

aluminum filter reduced the effects of beam hardening. Proximal and whole tibiae were 

scanned at 15-μm and 20-μm isotropic resolution, respectively. Cancellous volumes of 

interest (VOIs) were defined in all left tibia. The purely cancellous VOI began 

approximately 0.5 mm distal to the growth plate, excluding the primary spongiosa and 

cortical shell, and extended 10% of the total tibial length. Cancellous mineralized tissue was 

segmented from water and soft tissue using a global threshold determined for each group 

(247–280 mg hydroxyapatite [HA]/mL). Cancellous outcomes included bone volume 

fraction (BV/TV), and trabecular thickness and separation (Tb.Th and Tb.Sp, μm). Whole 

bones were aligned similarly along the longitudinal axis, and total length was measured 

from the minimum point of the growth plate to the most distal end.

Histology

Tibiae were decalcified in ethylenediaminetetraacetic acid (10% EDTA, pH 7.4) and 

embedded in paraffin. Serial, longitudinal, 7-μm thick sections were cut from each sample. 

Sections were deparaffinized in xylene, rehydrated in an ethanol gradient, and stained with 

hematoxylin and eosin (H&E) and for the osteoclast marker tartrate-resistant acid 

phosphatase (TRAP) using standard procedures. Images of complete histological sections 

were captured using an Aperio Scanscope (Aperio, Vista, CA, USA). Evaluation of tumor 

formation, inflammatory responses, and osteoblast and osteoclast activation were assessed 

on consecutive H&E-stained histological longitudinal cross-sections by a board-certified 

pathologist (SM).
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Characterization of loading effects in a 3D culture model

The direct effects of mechanical loading on tumor cells were determined by applying 

compressive forces to a 3D tumor model based on mineral-containing porous scaffolds that 

recapitulate bone materials properties.(27) Scaffolds were prepared from poly(lactide-co-

glycolide) (PLG) and HA using established methods.(27,28) Briefly, 8 mg of PLG 

microspheres, 8 mg of HA particles (Sigma-Aldrich, St. Louis, MO, USA; average diameter 

of 200 nm), and 152 mg of NaCl particles sized 250 to 400 μm (J.T. Baker, Center Valley, 

PA, USA) were pressure-molded (Carver Press, Wabash, IN, USA) into disks (1 mm thick, 

8 mm in diameter). These disks were subsequently subjected to a gas-foaming/particulate 

leaching technique that results in surface exposure of the incorporated mineral.(29) 

Mechanical characterization of the scaffolds (n = 4) was conducted for both quasi-static and 

dynamic loading conditions.

Scaffolds were sterilized with 70% ethanol, washed four times with sterile PBS, and seeded 

with 1.5 million MDAs per scaffold as previously described.(27) Cell-seeded scaffolds were 

maintained on an orbital shaker at 37°C and 5% CO2 for 3 days prior to loading to 

encourage 3D tissue formation. For loading experiments, these tumor constructs were 

randomized into loaded and nonloaded groups (n = 3–4/group). The loading platen of an 

established loading bioreactor was adapted for applying mechanical forces to scaffolds in a 

24-well plate (Fig. 7B).(30) Scaffolds underwent compressive loading for 1 hour per day for 

3 days. During loading, a 5% amplitude sinusoidal strain at 1 Hz was superimposed on a 5% 

static strain offset. These loading parameters were chosen because they have been 

previously reported to stimulate osteoblasts.(31,32) Scaffolds were maintained on the orbital 

shaker in between loading sessions and 24 hours after the final session, they were harvested 

for gene expression, DNA analysis, live/dead staining, and histological analysis. Expression 

of genes commonly associated with bone metastasis (OPN, MMP1, and CXCR4)(33) and 

osteolysis (IL-8, RANK, Runx2, DKK1)(5,34–38) was determined using quantitative RT-PCR 

(qPCR) and the comparative delta-cycle threshold (ΔCT) method.(39) Briefly, mRNA was 

isolated from scaffolds using the TRIzol extraction method(40) in RNase-free conditions. 

qPCR was performed using SYBR for the genes of interest and normalized to the expression 

of β-actin (Supplemental Table S1). DNA was isolated with Caron’s buffer and quantified 

using a Quantifluor fluorescent dye (Promega, Madison, WI, USA). Live cells were stained 

with calcein and dead cells were stained with propidium iodide.

Statistical analysis

The effects of in vivo loading, tumor, and experimental duration were determined using a 

second-degree linear mixed-model (JMP v9.0; SAS Institute, Cary, NC, USA). For loading 

effects, the between-subject factor was limb, loaded or nonloaded control; for tumor effects, 

tumor or PBS injection; and for duration, 2 or 6 weeks. In the baseline experiment, the 

effects of loading and duration were determined using a full factorial linear mixed-model, in 

which for loading effects, the within-subject factor was limb, loaded or control (left or right 

tibia), and the between-subject factor was duration, 2 or 6 weeks. To determine the effects of 

injection, the adaptive response of control mice was compared to sham-injected mice using a 

full factorial linear mixed-model, in which for loading effects, the within-subject factor was 

limb, loaded or control (left or right tibia), and the between-subject factor was injection 
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status, sham-injected or intact bone. For in vitro loading studies, experiments were 

performed in duplicate, and the results reflect pooled data. The effect of loading was 

determined using two-tailed t tests. For all statistical analyses, main effects are reported and 

data pooled if no significant interaction was present. Otherwise, group means were 

compared using a post hoc Tukey-Kramer test with a Bonferroni correction. Statistical 

significance was set at α ≤ 0.05. All values are represented as mean ± SD.

Results

Tumor-mediated bone degradation as a function of mechanical loading

To analyze the integrated effects of mechanical loading and human metastatic breast cancer 

on bone remodeling, we injected MDAs into the tibiae of immunocompromised mice and 

subsequently applied tibial compression. Macroscopic inspection of explanted tibiae 

followed by global analysis via μCT and histology revealed that all of the proximal tibiae of 

nonloaded, tumor-injected mice contained histologically detectable tumors (100% of 

animals, Figs. 2C, D, 3B) and nearly all were completely degraded (71% of animals, Figs. 

2A, B, 3B) after 6 weeks. In contrast, tibial compression markedly reduced tumor 

development and bone degradation, resulting in tibial features similar to sham-injected 

control mice (Fig. 2A–D). Further evaluation of the nonloaded tumor group indicated that 

20% of mice developed histologically detectable tumors within 2 weeks, whereas no 

obvious evidence of bone degradation was observed by μCT in these animals (Figs. 2A, B, 

3A–C).

To further analyze the kinetics of tumor-mediated bone degradation as a function of loading, 

the mass and architecture of the cancellous bone in the proximal compartment were assessed 

via μCT analysis after 2 and 6 weeks. After 2 weeks, both BV/TV and Tb.Th in control and 

tumor-injected tibiae were similar in the nonloaded groups, indicating no obvious bone 

degradation after this time period despite the presence of tumor cells (Figs. 4A, B). In 

contrast, a marked difference was noted after 6 weeks: as mentioned above, 71% of tumor-

bearing tibiae were degraded, causing the exclusion of this group from more detailed μCT 

analysis (Figs. 3A, 4). Interestingly, 2 weeks of loading significantly enhanced BV/TV 

(160%) and Tb.Th (97%) in tumor-bearing tibiae relative to the respective nonloaded tibiae; 

in the sham-injected control group a similar, but not statistically significant, trend was noted. 

After 6 weeks, these differences were even more pronounced: tibial loading enhanced 

BV/TV in both the absence of and in the presence of tumor cells. Specifically, the 

previously noted substantial bone degradation present in tumor-injected animals was 

prevented by loading, and BV/TV and Tb.Th values for these tibiae were statistically similar 

to loaded control tibiae; ie, even greater than for tibiae of nonloaded control animals (Fig. 

4A, B). Tb.Sp was not altered under any experimental condition (Fig. 4C). Tibial length did 

not differ among groups at any time point (16.2 ± 0.3 mm, pooled average). Body masses 

were equal among groups at the start of the experiment (17.9 ± 1.7 g, pooled average), and 

increased similarly over the 6-week course of the experiment for all experimental conditions 

(Control: 21.1 ± 1.2 g [nonloaded]; 19.7 ± 1.2 g [loaded]; Tumor: 19.6 ± 1.4 g [nonloaded]; 

20.0 ± 1.9 g [loaded]).
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To characterize the combined effects of loading and intratibial tumor growth on bone 

remodeling at the cellular level, we analyzed histological cross-sections from each 

experimental condition. Evaluation of H&E-stained sections revealed that tumor formation 

remained localized to the injection site in 20% of nonloaded mice after 2 weeks, whereas 

tumor formation and invasion were extensive after 6 weeks and resulted in widespread 

degradation of the tibial proximal metaphysis (Figs. 3B, 5A, B). An appreciably different 

pattern was observed in tibiae of loaded animals. No evidence of tumor formation was 

detected in H&E-stained tibial sections prepared from animals undergoing both tumor 

injection and loading after 2 weeks, and only 29% of loaded animals versus 100% of 

nonloaded animals developed tumors after 6 weeks (Figs. 3B, 5A, B). Activated osteoblasts 

on skeletal surfaces were noted in loaded tibiae after 2 and 6 weeks, whereas mature, 

multinucleated osteoclasts were associated with bone surfaces in the nonloaded 6 week 

group next to developed tumors (Fig. 5B, C).

Baseline adaptive response of immunocompromised SCID mice

As the baseline adaptive response to loading of SCID mice has not previously been 

characterized and to ensure that the above-described effects of loading were not artificially 

introduced by the intratibial injections, we tested the effect of tibial compression in intact; 

ie, non-injected animals. Six weeks of loading increased cancellous bone mass in SCID 

mice, primarily through trabecular thickening (Fig. 6A). BV/TV was 130% greater in loaded 

tibiae relative to nonloaded tibiae after 6 weeks (Fig. 6B). After 2 weeks, Tb.Th was 36% 

greater in loaded tibiae relative to nonloaded tibiae, and increased further with continued 

loading (+74%, after 6 weeks). Although Tb.Sp was similar between sham-injected and 

intact tibiae for the individual time points, overall, Tb.Sp decreased with loading (−35%, 

pooled loaded versus nonloaded groups). Tibial length did not differ among groups at any 

time point (16.2 ± 0.2 mm, pooled average). Furthermore, initial body masses and weight 

gain over the course of the experiment were similar between groups (initial weight: 19.6 ± 

1.2 g, pooled average; weight after 6 weeks: 19.9 ± 0.6 g).

Additional comparison of SCID mice with and without sham injection suggested that the 

injection procedure modulated the initial, but not the prolonged tibial response to loading. 

Although loading had no effect on cancellous mass of intact tibiae after 2 weeks, BV/TV of 

sham-injected tibiae increased after 2 weeks of loading (Supplementary Fig. S2). 

Additionally, the sham-injected group had thicker trabeculae (Tb.Th: +24%, pooled PBS 

versus pooled Intact), but Tb.Sp was maintained. By 6 weeks, however, the adaptive 

response normalized and no difference was observed between the sham-injected and intact 

groups for any μCT measure. Furthermore, indications of an acute inflammatory response 

were present at the injection site (eg, mature neutrophil invasion) after 2 weeks, but not after 

6 weeks (data not shown).

Tumor cell response to mechanical loading

To probe potential molecular mediators underlying our in vivo results, we modified an 

existing in vitro loading model by applying mechanical compression to a mineral-containing 

3D tumor construct (Fig. 7B). To ensure that applied mechanical loads were within the 

linear elastic range of the scaffolds, the compressive Young’s modulus and yield strain 
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under quasi-static uniaxial compression were determined to be 290 ± 20 kPa and 29% ± 9% 

strain, respectively (Fig. 7A). Additionally, dynamic loading using experimental loading 

conditions was applied to scaffolds (n = 4) and compressive forces were recorded under 

constant strain to ensure that strain hardening was not occurring (data not shown). Live and 

dead staining demonstrated that the vast majority of tumor cells within both loaded and 

control scaffolds were viable, and similarly, total DNA content was comparable between 

loaded and control scaffolds after 3 days of loading (Fig. 7C, D). These results suggest that 

loading has no effect on tumor cell death and growth. Furthermore, mechanical compression 

did not alter the expression of bone metastasis-specific genes (OPN, MMP1, and 

CXCR4)(33) nor of genes commonly associated with osteolysis (IL-8, RANK, 

DKK1).(5,34–38) However, expression of Runx2, which is aberrantly expressed by tumor 

cells and plays a role in both osteoclast and osteoblast differentiation,(36,38) was reduced 

35% with loading (Fig. 7E). Taken together, these results suggest that loading indirectly 

inhibits tumor growth by modulating the interplay between osteoclasts and osteoblasts.

Discussion

To investigate the role of loading in bone-associated tumor formation and growth, we 

developed a new in vivo model that integrates mechanical loading with human metastatic 

breast cancer, and used this in combination with in vitro loading experiments to understand 

mechanisms of metastatic tumor growth in bone. In the absence of loading, tumor 

establishment and bone degradation in our studies was similar to that observed by other 

groups using intratibial or intrafemoral injection of cancer cells,(23,41,42) whereas loading 

significantly altered these effects. Specifically, tibial compression dramatically reduced 

histologically detectable tumor formation and associated osteolytic bone loss. In vitro 

studies suggested that these effects may not only be related to loading-induced changes in 

bone cell behavior, but may be partially attributed to mechanically-induced alterations in 

gene expression in tumor cells.

Possible explanations for the lack of tumor establishment in our studies include that the 

anabolic skeletal response to loading likely occurred before tumor-mediated osteolysis could 

take place, thereby preventing activation of the vicious cycle of bone metastasis. Following 

direct injection, tumors require approximately 4 to 6 weeks to fully establish and develop 

osteolytic lesions,(23,41,42) whereas bone responds to loading more quickly. Specifically, 

expression of bone-forming genes and recruitment of osteoblasts occurs within hours,(43,44) 

and new bone formation is detectable within days.(45) Correspondingly, tibial loading 

resulted in elevated tissue coverage of activated osteoblasts and marked bone formation as 

early as 2 weeks, similar to other studies.(21,26,46) Additionally, loading may counteract 

tumor-mediated osteoclastogenesis that, in turn, may decrease the release of growth factors 

from the bone matrix, otherwise promoting tumor colonization and expansion.(47) Consistent 

with this possibility, skeletal tissue coverage by osteoclasts was elevated in tumor-bearing, 

nonloaded tibiae in our studies. Our observations are supported by other studies 

demonstrating that loading stimulates osteoblastic over osteoclastic activity.(9,48–50) Finally, 

mechanical loading can inhibit neovascularization, a hallmark of cancer,(15) which may also 

contribute to the absence of tumor formation in loaded animals.(51)
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Based on our in vitro loading experiments, loading does not directly affect tumor cell growth 

or death, but rather altered their expression of morphogens that can, in turn, modulate 

osteoclast and osteoblast functions. Breast cancer cells express factors that promote the 

formation of osteolytic lesions, such as IL-8,(5) RANK,(34,35) DKK,(38) Runx2,(37,52) and 

that generally favor their bone-metastatic capability (OPN, MMP1, and CXCR4).(33) 

Interestingly, mechanical stimulation neither affected expression of the bone-metastatic gene 

signature nor expression of most pro-osteoclastogenic factors. However, mechanical 

compression inhibited expression of Runx2, which is known to stimulate osteolysis by 

upregulating parathyroid hormone-related protein (PTHrP)-induced RANKL secretion by 

osteoblasts,(53) and its abolishment reduced osteolytic lesions.(37) Furthermore, Runx2 also 

decreases osteoblast differentiation via altered cancer cell secretion of sclerostin, an 

inhibitor of Wnt signaling.(36,54) Combined, our in vivo and in vitro results suggest that 

loading may interfere with osteolysis by upregulating osteoblastic over osteoclastic activity. 

Future experiments are needed to further characterize the role of Runx2 in the effects of 

loading on secondary metastatic tumor growth.

The goal of our studies was to determine whether in vivo loading affected human metastatic 

breast cancer, requiring the use of immunocompromised animals and intratibial injection 

procedures because human breast cancer cells do not spontaneously metastasize to bone in 

mice.(55) In comparison to other studies with immunocompetent mice, SCID mice displayed 

a delayed response to tibial compression after 2 weeks, but after 6 weeks the magnitude of 

effect was comparable.(18,46) The lack of a fully functional immune system may have 

contributed to these initial differences as immunity plays a modulatory role in bone 

remodeling and homeostasis(56,57) and tumorigenesis.(58) Additionally, species-specific 

differences in paracrine signaling between human and murine cells may have been a 

regulating factor in our studies. Finally, we observed a mild to moderate acute inflammatory 

response at the epiphysis and within the marrow associated with the site of injection in the 2 

week group, but not in the 6 week group. Therefore, adaptive responses due to the injection 

procedure may have modulated the initial loading response in our studies. A regional 

acceleratory phenomena (RAP)(59) induced by the defect created at the injection site may 

have initiated a localized adaptive response.(60) When combined with mechanical loading, 

this response may be enhanced because both stimuli promote remodeling. However, this 

phenomenon was only present initially in our studies; by 6 weeks, both groups exhibited 

similar adaptive loading responses.

Anabolic mechanical stimulation is generally recommended for treating or preventing 

pathological bone loss, such as osteoporosis, and may be similarly useful for patients with 

metastatic bone disease. Clinically, physical activity improves physical functioning and 

quality of life for patients undergoing or recovering from chemotherapy,(13,61,62) including 

improved bone measures.(14) However, its ability to prevent or treat bone metastasis and 

secondary tumor growth is unknown. An unresolved clinical issue in prescribing high-

impact exercise, which is the most effective for improving skeletal measures,(17,63) is that 

patients already exhibit heightened skeletal fragility and pain.(3) However, skeletal fragility 

is present for nearly all populations with pathological bone loss, for whom exercise has 

proved beneficial.(11) Additionally, alternate loading modalities, such as low-magnitude 
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high-frequency vibration, may represent feasible alternatives for patients with advanced 

metastasis.(64)

The results presented herein show a functional link between mechanical stimulation and 

breast cancer–induced bone disease and inspire a number of future studies. For example, the 

fate of the intratibially-injected breast cancer cells following in vivo loading needs to be 

assessed. These cells could become dormant, undergo apoptosis, or localize to distant sites, 

although we did not observe any macroscopic signs of tumor development during necropsy 

of organs typically prone to metastasis (eg, liver, lung). Furthermore, whether loading 

reduces tumor burden in established secondary tumors and/or plays a role in metastatic 

homing to bone are unresolved questions that need to be determined in order to translate our 

findings to clinically relevant scenarios. In the clinic, circulating tumor cells (CTCs) have 

emerged as a potential biomarker of metastasis(65) that may help identify patient populations 

suitable for physical therapy and determine the appropriate timing for prescription. 

Elucidating whether or not loading has a synergistic effect with current adjuvant therapies, 

such as bisphosphonates, will also inform decisions about the relevance of loading. Finally, 

examining the sensitivity of cancer cells to loading will reveal the strength of the mechanical 

signal required for inhibiting cancer-induced bone disease. Such dose response studies will 

help identify feasible physical therapy strategies for patients at risk for fracture and subject 

to bone pain.

In conclusion, our results suggest that mechanical loading inhibits secondary growth and 

osteolytic capability of metastatic tumors by modulating relative osteoblastic and 

osteoclastic activities, though further work is required to fully understand the molecular 

mechanisms underpinning these results. Although our studies were designed to study the 

interplay between mechanical stimulation and secondary breast cancer located in bone, 

metastatic bone disease from other cancers (eg, prostate, lung) may be similarly examined 

using this model. In particular, future work exploring the ability of loading to alter a variety 

of clinically relevant scenarios, such as the prevention and treatment of bone-metastatic 

tumors, will shed further light on mechanical stimulation as a tumor microenvironmental 

parameter modulating the clinical outcome of patients with advanced disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) Representative microstrain (μɛ) and load (N) measurements recorded from a single-

element strain gauge attached to the tibiae and an in-line load cell, respectively, during 1 

second of tibial compression. (B) The strain-load relationship was determined from a linear 

regression relating the peak engendered strain and corresponding peak load during each load 

cycle.(20) From this relationship, we determined the 4.1 N applied peak force required to 

engender +600 μɛ at the medial diaphysis of the tibia. (C) Image of a representative tibia 

with a strain attached to the medial diaphysis.
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Fig. 2. 
(A) 3D μCT reconstructions and (B) sagittal μCT sections of sham-injected (Control) and 

tumor-injected (Tumor) tibiae after 6 weeks as well as (C) corresponding representative 

H&E-stained histological cross-sections revealed that nonloaded tumor-bearing tibiae 

exhibited osteolytic degradation in the proximal compartment and extensive tumor 

formation, whereas loading inhibited these adverse changes. (D) High-powered images of 

the medullary space shown in C primarily indicate marrow cells in the tumor-injected loaded 

group, whereas tumor cells are abundant in the tumor-injected nonloaded group (bottom) 

(Bar = 50 μm). Representative images are shown. See Supplementary Figure 3 for color 

images.
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Fig. 3. 
(A) Classification of tibiae for structural integrity. After 6 weeks, nearly all non-loaded (NL) 

tumor-bearing tibiae (71%) were extensively degraded, precluding μCT and statistical 

analysis, whereas no obvious changes were detected for loaded tumor-bearing tibiae. (B) 

Histological scoring of tibiae for tumor growth: None, Localized to injection site, or 

Extensive throughout the proximal metaphysis. Representative H&E-stained histological 

cross-sections are shown as the basis used for scoring. Bar = 500 μm. After 2 weeks, cancer 

cells remained localized to the injection site in 20% of nonloaded, tumor-injected tibiae, 

whereas after 6 weeks, all animals exhibited invasive tumor growth. Tibial compression 

significantly reduced these changes. See Supplementary Figure 4 for color images.
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Fig. 4. 
Indices of cancellous mass and architecture in sham-injected (Control) and tumor-injected 

(Tumor) animals via μCT. (A) After 2 weeks, bone volume fraction increased 160% with 

loading in the tumor-injected group; a similar, but not statistically significant, trend was 

noted in the sham-injected control group (p = 0.1). Bone volume fraction also increased 

180% in the control group after 6 weeks (6-week tumor-injected group not analyzed). (B) 

Trabecular thickness increased 72% overall with loading (pooled Loaded versus pooled 

Control). (C) No differences in trabecular separation were observed among any groups, at 

any time point. #entire group excluded from analysis due to extensive degradation, *p < 0.05 

versus corresponding nonloaded limbs, ^main effect of loading, p < 0.05 by linear mixed-

model with repeated measures.
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Fig. 5. 
(A) Representative histological sections. Analysis of H&E stained sections indicated that 

tumor formation only occurred in 1 of 5 nonloaded tibiae after 2 weeks (shown) and was 

localized to the injection site. After 6 weeks, all nonloaded tumor-injected tibiae displayed 

evidence of tumor establishment and 6 of 7 tibiae showed extensive osteolysis. Only 1 of 7 

loaded tumor-injected tibiae showed any evidence of tumor. Bar = 200 μm. (B) Images of 

representative cross sections from tumors in loaded and nonloaded tumors after 6 weeks 

(insets from A). Activated osteoblasts (inset bar = 25 μm) covered skeletal surfaces in loaded 

tibiae, whereas presence of multinucleated osteoclasts (inset bar = 25 μm) indicated bone 

degradation in nonloaded animals. Bar = 100 μm. (C) The presence of osteoclasts was 

further confirmed via subsequent TRAP staining of adjacent sections (inset bar = 25 μm). 

Bar = 100 μm. Supplementary Figure 5 for color images.
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Fig. 6. 
(A) Representative μCT images of loaded (left, L) and nonloaded (right, R) tibiae of intact 

SCID mice after 6 weeks of tibial compression. (B) Indices of cancellous mass and 

architecture via μCT. Bone volume fraction increased 130% after 6 weeks of loading. 

Trabecular thickness increased 34% after 2 weeks of loading, and 73% after 6 weeks. 

Trabecular separation decreased 35% with loading overall (pooled loaded versus pooled 

nonloaded). *Versus corresponding nonloaded limbs, #versus 2 week loaded limbs, ^main 

effect of loading, p < 0.05 by linear mixed-model with repeated measures.

Lynch et al. Page 20

J Bone Miner Res. Author manuscript; available in PMC 2015 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
(A) Representative stress-strain curve for HA scaffolds undergoing quasi-static mechanical 

compression. The compressive yield strain and Young’s modulus of the scaffolds were 290 

± 20 kPa and 29% ± 9% strain, respectively, ensuring that loading was performed within the 

linear elastic region of the HA scaffolds. (B) Loading platen utilized for loading tumor cell-

seeded scaffolds in a 24-well culture plate for use in an established loading bioreactor.(30) 

(C) Representative image of live and dead staining with calcein (green) and propidium 

iodide (red). MDAs within scaffolds were not adversely affected by compressive loading. 

Bar = 500 μm (inset = 100 μm). (D) DNA content per scaffold as measured via fluorimetric 

analysis and (E) relative gene expression of Runx2 as determined via qPCR following 3 

days of loading. DNA content was similar between MDAs in both loaded and culture 

scaffolds, whereas Runx2 expression was reduced 35% in loaded cultures. See 

Supplementary Figure 6 for color images.
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