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Three-Dimensional Mechanical Loading Modulates
the Osteogenic Response of Mesenchymal Stem Cells
to Tumor-Derived Soluble Signals

Maureen E. Lynch, PhD,1,2 Aaron E. Chiou, BS,1 Min Joon Lee, BS,1 Stephen C. Marcott, BS,1

Praveen V. Polamraju, BS,1 Yeonkyung Lee, BS,1 and Claudia Fischbach, PhD1,3

Dynamic mechanical loading is a strong anabolic signal in the skeleton, increasing osteogenic differentiation of
bone marrow-derived mesenchymal stem cells (BM-MSCs) and increasing the bone-forming activity of osteo-
blasts, but its role in bone metastatic cancer is relatively unknown. In this study, we integrated a hydroxyapatite-
containing three-dimensional (3D) scaffold platform with controlled mechanical stimulation to investigate the
effects of cyclic compression on the interplay between breast cancer cells and BM-MSCs as it pertains to bone
metastasis. BM-MSCs cultured within mineral-containing 3D poly(lactide-co-glycolide) (PLG) scaffolds differ-
entiated into mature osteoblasts, and exposure to tumor-derived soluble factors promoted this process. When BM-
MSCs undergoing osteogenic differentiation were exposed to conditioned media collected from mechanically
loaded breast cancer cells, their gene expression of osteopontin was increased. This was further enhanced when
mechanical compression was simultaneously applied to BM-MSCs, leading to more uniformly deposited osteo-
pontin within scaffold pores. These results suggest that mechanical loading of 3D scaffold-based culture models
may be utilized to evaluate the role of physiologically relevant physical cues on bone metastatic breast cancer.
Furthermore, our data imply that cyclic mechanical stimuli within the bone microenvironment modulate inter-
actions between tumor cells and BM-MSCs that are relevant to bone metastasis.

Introduction

Breast cancer is the most common cancer among
women in the United States1 and the most costly to

manage. Although the 5-year survival rate for localized
breast cancer is very high (*99%), prognosis significantly
declines (*24%) when metastasis occurs.1 In fact, nearly
75% of patients with advanced breast cancer develop incur-
able skeletal metastases2 that increase morbidity and early
death due to severe pain, nerve compression, fractures, and
other skeletal-related events; therefore, delineating critical
factors that modulate interactions of disseminated tumor cells
with bone is of significant clinical importance.3

During normal bone remodeling, bone mass is maintained
by balancing resorption by osteoclasts and formation by
osteoblasts.4 However, in the presence of breast cancer cells,
these homeostatic interactions become perturbed, and
heightened osteoclastogenesis promotes secondary tumor
formation by leading to the release of growth-promoting

factors from the degraded bone matrix.5 The current stan-
dard of care, including surgery and drugs that target tumor
and/or bone-destroying osteoclasts, is only palliative as it
merely slows metastatic progression and does not recover
lost bone.6–8 Hence, there exists a critical need for an im-
proved understanding of alternative mechanisms that may
enable more efficacious treatments of breast cancer bone
metastasis.

It is increasingly accepted that tumors modulate the be-
havior of ostensibly normal cells within their microenviron-
ment to promote malignancy and that mechanical signals play
an important role in this process.9–11 However, it is relatively
poorly understood what effect the highly dynamic mechanical
environment in the skeleton has on the pathogenesis of breast
cancer bone metastasis. In the skeleton, cyclic signals due to
daily physical activity (e.g., typical walking frequency is
*1 Hz), rather than static or steady signals, are the primary
regulator of remodeling. Increased mechanical loading (e.g.,
exercise) stimulates osteoblasts and results in net bone
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formation, while decreased mechanical loading (e.g., bed
rest) stimulates osteoclasts and causes bone loss.12,13

Recently, we demonstrated that increasing cyclic me-
chanical signals in breast cancer cell-bearing bones inhibited
secondary tumor growth and maintained cancellous bone
mass in vivo.14 In addition, in vitro cyclic compression of
three-dimensional (3D)-cultured breast cancer cells revealed
that loading did not induce tumor cell death, but rather de-
creased expression of genes interfering with downstream
bone remodeling.14 These data suggested that mechanical
loading of the skeleton may reduce metastasis by altering
the interplay between tumor and resident bone cells. While
most studies focus on osteoclasts as the primary cellular
mediators of breast cancer-associated osteolysis, mesen-
chymal stem cell (MSC)-derived osteogenic cells, including
osteoblasts, may be similarly important. In fact, osteoblasts
are not only a primary mechanoresponsive cellular element in
the skeleton and regulate osteoclast activity and differentia-
tion4,13 but also they change their behavior in the presence of
bone metastasis.15–17 To further define how mechanical
loading modulates the interplay between bone metastatic
breast cancer cells and resident bone cells, it is, therefore, of
critical importance to better understand the behavior of
tumor-associated MSCs as a function of mechanical loading.

The anabolic effects of increased mechanical signals on
osteogenic cells derived from MSCs are well documented
both in vivo and in vitro.13 Increased mechanical signals, in-
cluding fluid flow, mechanical stretching, and compression,
enhance commitment of MSCs down the osteogenic lineage
and stimulate their bone-forming activity. In the context of
bone metastasis, MSCs play an important pro-tumorigenic
role in the skeleton by contributing to the formation of a
microenvironment that promotes osteolytic bone metastasis
and tumor cell proliferation.18 However, whether MSCs retain
their pro-tumorigenic function during osteogenic differentia-
tion while being exposed to tumor-derived factors, specifically
under the influence of mechanical loading, is not known.

In these studies, we focused on expression of osteopontin
(OPN) as our candidate molecule, a bone matrix protein
secreted by MSCs and osteoblasts that modulates minerali-
zation and serves as a substrate in the adhesion of osteoclasts
and osteoblasts to bone.19,20 OPN is of relevance to bone
metastatic cancer, where it is produced by both metastatic
breast cancer cells and bone marrow stromal cells, is gen-
erally expressed at the interface between tumor cells and the
bone, promoting tumor cell adhesion, and regulating oste-
oclast activity to facilitate osteolytic bone metastasis.21,22 In
this study, we describe a 3D in vitro culture model based on
mineral-containing poly(lactide-co-glycolide) (PLG) scaf-
folds14,23–26 that enables us to investigate the combined ef-
fects of mechanical loading and breast cancer cell-derived
paracrine factors on osteogenic differentiation and OPN
expression of bone marrow-derived MSCs.

Methods and Materials

Experimental design

We utilized our previously described 3D in vitro loading
setup that applies cyclic mechanical stimuli to cells cul-
tured within mineral-containing 3D porous PLG scaf-
folds.14 To first verify the ability of MSCs to undergo
relevant 3D osteogenic differentiation in these scaffolds,

human bone marrow-derived mesenchymal stem cells
(BM-MSCs) were cultured in porous PLG scaffolds in the
presence and absence of chemical inducers for 21 days
(i.e., the time required for osteoblasts to form) and 60 days
(i.e., time sufficient for observable osteoid protein depo-
sition27). To assess whether bone mineral impacts BM-MSC
differentiation,28 half of the scaffolds were fabricated to
contain hydroxyapatite (HA) nanoparticles and half were
mineral free. Osteogenic differentiation was quantified through
standard markers of functional osteoblasts.

Next, we evaluated if factors secreted by human MDA-
MB231 breast cancer cells modulated BM-MSC differentiation.
To this end, BM-MSCs were cultured in mineral-containing
scaffolds with tumor-conditioned or blank media for 21 days.
Finally, we evaluated whether loading of either tumor cells or
BM-MSCs impacted the effect of tumor-secreted soluble factors
on BM-MSC osteogenic differentiation.

3D culture of BM-MSC

Human BM-MSCs (Lonza or RoosterBio) were cultured
using growth media containing 4 mM l-glutamine (Sigma)
under standard cell culture conditions (37�C, 5% CO2) and
expanded to passage five or population doubling level 20 for
use in scaffold seeding.

Scaffolds were prepared from PLG and HA as previously
described.24 Briefly, 8 mg of PLG microspheres fabricated
from PLG (Evonik Industries) using a double emulsion tech-
nique,29 8 mg of HA particles (average diameter of 200 nm;
Sigma), and 152 mg of NaCl particles sized 250–400mm (J.T.
Baker) were pressure molded (Carver Press) into disks (1 mm
thick, 8 mm diameter). These disks were subsequently sub-
jected to a gas-foaming/particulate leaching technique that
results in surface exposure of the incorporated mineral.29

Scaffolds were incubated with 70% ethanol for 30 min, washed
4· with sterile PBS, and seeded with 1–1.5 · 106 BM-MSCs
per scaffold. Cell-seeded scaffolds were maintained on an or-
bital shaker at 37�C and 5% CO2 for 3 days before initiation of
experiments to allow for cell adhesion and equilibration. For
groups undergoing differentiation, BM-MSC culture media
included 50mM ascorbic acid, 0.1mM dexamethasone, and
10 mM b-glycerophosphate. Control groups received differ-
entiation basal media without osteogenic factors.

In vitro mechanical loading

For BM-MSC loading experiments, BM-MSCs were
treated with tumor-conditioned media (see Generation of
tumor-conditioned media) for 1 week and were then ran-
domized into Loaded and Nonloaded (NL) groups. Loaded
scaffolds were exposed to cyclic mechanical loading using a
compression bioreactor as previously described.14,30 Briefly,
10% peak compression was applied at 1 Hz to each loaded
scaffold using a specialized platen for 1 h per day, 3 days per
week (MWF), for two additional weeks (total 3 weeks).

Following experiments, scaffolds were photographed for
subsequent image analysis of diameter using ImageJ (NIH).
Scaffolds were next bifurcated, and all halves were ran-
domized for use in the following assays: total DNA content,
intracellular alkaline phosphatase (ALP) enzyme activity,
histological analysis, and microcomputed tomography.
DNA was isolated with Caron’s buffer and quantified by anal-
ysis of fluorescence intensity using QuantiFluor (Promega).
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Intracellular ALP was isolated with passive lysis buffer, and
enzyme activity was measured using a p-nitrophenyl phos-
phate assay (Pierce). Scaffolds were fixed in 4% parafor-
maldehyde and scanned using microCT (VersaXRM-520;
Zeiss, 20 mm resolution) and then were paraffin embedded
and sectioned (4 mm thick).

Generation of tumor-conditioned media

MDA-MB231 human breast cancer cells (ATCC) were
maintained in complete Dulbecco’s modified Eagle’s me-
dium (DMEM [Invitrogen] supplemented with 10% fetal
bovine serum [FBS, Tissue Culture Biologicals] and 1%
penicillin/streptomycin [P/S, Invitrogen]) under standard
cell culture conditions (37�C, 5% CO2). To generate two-
dimensional (2D) conditioned media, MDAs were plated in
T150 flasks and when they reached 90% confluency, their
media was replaced with low serum DMEM (1% FBS, 1%
P/S) for 24 h. Conditioned media was collected, concentrated
10-fold in an Amicon centrifugal filter unit (MWCO 3 kDa,
EMD Millipore), and subsequently diluted 5-fold with ap-
propriate BM-MSC media. To generate 3D conditioned me-
dia, 1.5 · 106 MDA-MB231s were seeded into HA-containing
scaffolds, which were randomized into Loaded and Non-
loaded (NL) groups. Loaded group scaffolds received cyclic
mechanical loading as described above for 1 h, after which
media was replaced with low serum DMEM for 24 h. 3D-
conditioned media was collected, normalized to DNA con-
tent, and processed similarly to 2D-conditioned media. For
the 2D versus 3D comparison only, both types of conditioned
media were normalized to similar DNA content.

Histology

To assess Type I collagen deposition, transverse sections
were stained with Masson’s Trichrome using standard pro-
cedures. Briefly, slides were deparaffinized and hydrated,
followed by incubation with Bouin’s solution, and sequential
staining with Weigert’s hematoxylin, Biebrich scarlet-acid
fuchsin solution, phosphomolybdic–phosphotungstic acid,
and aniline blue solution. To assess osteopontin (OPN) pro-
tein, immunohistochemistry was performed using the VEC-
TASTAIN Elite ABC Kit (Vector Laboratories). Briefly,
scaffold sections were deparaffinized in xylene and rehy-
drated before heat-based antigen retrieval in 10 mM citrate
buffer, pH 6 for 20 min at 95�C. Sections were treated with
3% hydrogen peroxide for 30 min to block endogenous per-
oxidase activity and then blocked with normal horse serum
for 30 min. Next, sections were incubated with rabbit anti-
human OPN polyclonal antibody (AB 1870, EMD Millipore;
diluted 1:1500) at 4�C overnight and then incubated with
biotinylated horse anti-mouse/rabbit IgG for 1 h. After being
rinsed, sections were incubated with avidin-biotinylated per-
oxidase complex for 30 min and then developed in diami-
nobenzidine (DAB; Thermo Scientific) solution for 3 min.
Nuclei were counterstained using Mayer’s hematoxylin
(Thermo Scientific) for 20 s and then sections were dehy-
drated and mounted with Entellan (EMD Millipore).

Gene expression

Gene expression of osteopontin was determined using
quantitative real-time polymerase chain reaction (qRT-PCR)

and the comparative DCT method.31,32 Briefly, mRNA was
isolated from scaffolds using the TRIzol extraction method
in RNase-free conditions.33 RNA purity and quantity were
tested using a spectrophotometer (NanoDrop 1000; Thermo
Scientific). 500–1000 ng of RNA was reverse transcribed to
cDNA and brought to 5–10 ng/mL with RNase-free water.
qPCR was performed using 10 ng of cDNA in a final volume
of 20 mL containing 2X SYBR Green (PerfeCTa SYBR
Green FastMix, with ROX, Quanta Biosciences). Quantifi-
cation cycle was determined for osteopontin [5¢-TGAG
AGCAATGAGCATTCCGATG-3¢ (forward) and 5¢-CAGGG
AGTTTCCATGAAGCCAC-3¢ (reverse)] and normalized to
the reference gene b-actin [5¢-AATGTGGCCGAGGACTTT
GATTGC-3¢ (forward) and 5¢-AGGATGGCAAGGGACTTC
CTGTAA-3¢ (reverse)]. Results are presented as fold change.

Statistical analysis

The effects of: (1) mineral (HA vs. PLG) and induction
(Induced vs. Control), (2) conditioned media ([2D] tumor
factors vs. no tumor factors) and induction (Induced vs.
Control), (3) 2D- versus 3D-conditioned media and induc-
tion (Induced vs. Control), and (4) loaded-conditioned me-
dia (Loaded tumor factors vs. Nonloaded [NL] tumor
factors) and loaded BM-MSCs (Loaded BM-MSCs vs. NL
BM-MSCs) were all assessed using a two-way full factorial
ANOVA ( JMP v8.0, SAS Institute, Inc.). When the inter-
action factor was significant, a post hoc Tukey–Kramer test
with a Bonferroni correction was conducted; otherwise,
experimental groups were pooled for analysis as appropriate
to evaluate main effects. Statistical significance was set at
a £ 0.05. All experiments were replicated two to four times.
All data are represented as mean – standard deviation.

Results

3D BM-MSC osteogenic differentiation is enhanced
in the presence of HA

We first verified that chemical induction of BM-MSCs in
porous 3D PLG scaffolds resulted in relevant osteogenic
differentiation and determined whether incorporation of the
bone mineral HA within the scaffolds affected this process
(Fig. 1A). Following 21 days of culture, HA-containing
scaffolds maintained their initial geometry while the PLG-
only scaffolds contracted -35% (pooled PLG vs. pooled
HA), independent of differentiation status (Fig. 1B). Simi-
larly, total BM-MSC DNA content was 67% greater in HA
versus PLG scaffolds (pooled PLG vs. pooled HA), sug-
gesting superior cellular adhesion, greater proliferation, and/
or less apoptosis in the presence of bone mineral (Fig. 1C).
Consistent with previous reports by others, BM-MSCs un-
derwent osteogenic differentiation when cultured with che-
mical inducers, and this was enhanced in HA-containing
PLG scaffolds.26 Intracellular ALP enzyme activity in-
creased 21-fold in the HA group (Induced:Control ratio), but
only 7.5-fold in the PLG group (ALP was similar between
the two Control groups). This resulted in ALP activity being
threefold higher in the HA Induced cell-polymer constructs
relative to the PLG Induced counterparts (Fig. 1D). Con-
sistent with these results, heightened osteogenic differentia-
tion in the HA Induced versus PLG Induced group resulted in
increased mineralization, as evidenced by microCT (Fig. 1E).
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Taken together, the presence of bone mineral in the 3D cul-
ture models created a superior osteogenic environment.

To further verify that 3D culture of BM-MSCs in HA-
containing scaffolds over 21 days is representative of cellular
behavior over prolonged culture periods, cell-seeded scaffolds
were maintained for 60 days, a time frame leading to ob-
servable osteoid protein deposition in osteoblast cultures.27

Indeed, HA-containing scaffolds continued to maintain their
initial geometry, whereas PLG scaffolds were -55% smaller
(pooled HA vs. pooled PLG), independent of differentiation
status (Fig. 2A). BM-MSCs also continued to differentiate in
both HA and PLG scaffolds under culture with osteogenic
media, and the presence of HA enhanced this process long
term. ALP activity was 3.5-fold higher in HA Induced cell-
polymer constructs relative to PLG Induced groups (Fig. 2B).
In the absence of osteogenic inducers, BM-MSCs deposited
small amounts of Type I collagen in HA scaffolds (Fig. 2C),
which were not visible in PLG Control scaffolds. Further-
more, induced BM-MSCs assembled significantly more col-
lagen in pores, as well as on the scaffold surface, in the HA
relative to the PLG scaffolds (Fig. 2C). Taken together, these
results suggest that HA promotes osteogenesis of BM-MSCs

within 3D culture microenvironments and that 21-day culture
periods are appropriate to estimate bone formation processes
typically requiring longer culture periods. Therefore, all sub-
sequent studies were performed in HA-containing scaffolds
over 21 days.

Breast cancer-derived soluble factors increase
3D BM-MSC osteogenic differentiation

To assess the effect of breast cancer cell-derived soluble
factors on the osteogenic capability of bone marrow pro-
genitors, we cultured BM-MSCs in HA-containing scaffolds
for 21 days in the presence and absence of media condi-
tioned by 2D-cultured MDA-MB231 (Fig. 3A). No signifi-
cant differences were observed in total BM-MSC DNA
content in any experimental group suggesting that tumor-
secreted soluble cues do not significantly affect 3D BM-
MSC growth under either control or osteogenic conditions
(Fig. 3B). Interestingly, however, ALP activity was en-
hanced threefold in the presence of tumor-derived factors
compared to control conditions lacking tumor-secreted
factors (Fig. 3C). This difference in ALP activity was only

FIG. 1. Mineral-containing scaffolds enhanced BM-MSC osteogenic differentiation after 21 days relative to control
scaffolds. (A) To determine how the presence of HA affects osteogenic differentiation, mineral-free (PLG) and mineral-
containing (HA) scaffolds were utilized to differentiate BM-MSCs (1.5 · 106 per scaffold) into osteoblasts. (B) HA scaffolds
maintained their initial geometry after 21 days of culture, while control (PLG) scaffolds significantly contracted. (C) BM-
MSCs growth in HA scaffolds was greater than that in PLG scaffolds and was independent of differentiation as detected by
fluorimetric DNA analysis. (D) ALP enzyme activity increased with osteogenic induction and was enhanced in HA
scaffolds. (E) Osteogenic induction resulted in increased mineral content as assessed by microCT, which was greater in HA
scaffolds. Same letters (a, b, or c) indicate similar mean values, and groupings with different letters indicate that the
difference is significant by post hoc comparison of means with Bonferroni correction ( p < 0.05). ALP, alkaline phosphatase;
BM-MSC, bone marrow-derived mesenchymal stem cell; HA, hydroxyapatite; BM-MSC, bone marrow-mesenchymal stem
cell; PLG, poly(lactide-co-glycolide). Color images available online at www.liebertpub.com/tea
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FIG. 2. Long-term BM-MSC osteogenic differentiation in mineral-containing scaffolds verified the creation of a bone
mimetic microenvironment. (A) After 60 days, HA-containing scaffolds continued to maintain their initial geometry, while
PLG scaffolds continued to contract as confirmed by image analysis. (B) Heightened ALP enzyme activity with osteogenic
induction was maintained in HA scaffolds. (C) Osteogenic differentiation resulted in greater Type I collagen deposition, as
seen with Masson’s Trichrome staining (collagen stains blue). The majority of matrix was deposited on scaffold surfaces;
however, HA scaffolds also exhibited deposition within interior pores. Arrows indicate collagen deposition. Scale bars =
200 mm. Same letters (a, b, or c) indicate similar mean values, and groupings with different letters indicate that the
difference is significant by post hoc comparison of means with Bonferroni correction (p < 0.05). Color images available
online at www.liebertpub.com/tea

FIG. 3. Human breast cancer-
derived soluble factors increased
BM-MSC osteogenic differentiation.
(A) 2D tumor-conditioned media
was collected from MDA-MB231
cultured on tissue culture plastic for
24 h in low serum media, after which
media was collected, concentrated,
and reconstituted with the appropri-
ate BM-MSC culture media. (B)
After 21 days, 2D tumor-conditioned
media (+tumor factors) did not alter
BM-MSC growth patterns as as-
sessed by fluorimetric DNA analysis.
(C) Tumor-derived factors enhanced
ALP enzyme activity following in-
duction, indicating increased osteo-
genic differentiation. Same letters (a,
b, or c) indicate similar mean values,
and groupings with different letters
indicate that the difference is sig-
nificant by post hoc comparison of
means with Bonferroni correction
(p < 0.05). 2D, two dimensional.
Color images available online at
www.liebertpub.com/tea
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observed when BM-MSCs were osteogenically induced,
while ALP activity in noninduced Control groups was
similar in the presence or absence of tumor-conditioned
media. These data suggest that tumor-derived soluble factors
can augment BM-MSC osteogenic differentiation under 3D
microenvironmental conditions.

Importantly, tumor cell-secreted factors promoted BM-
MSC osteogenic differentiation regardless of whether con-
ditioned media was collected from 2D- or 3D-cultured
tumor cells (Fig. 4A). More specifically, neither 2D- nor 3D-
conditioned MDA-MB231 media altered BM-MSC growth
within the mineral-containing PLG scaffolds, while they
both increased ALP enzyme activity of BM-MSCs under
inducing conditions to a similar extent (Fig. 4B, C). These
results imply that the paracrine pro-osteogenic effects of
MDA-MB231 are independent of culture dimensionality.
Furthermore, they confirm that cyclic compression of 3D
tumor cell cultures and subsequent collection of conditioned
media in all subsequent studies will be appropriate to test
whether mechanical stimulation alters the pro-osteogenic
capability of breast cancer cells.

Mechanically loaded tumor cells alter BM-MSC
osteopontin expression

Using conditioned media collected from 3D MDA-
MB231 control or cyclically compressed cultures, we next
assessed if mechanical stimulation modulates the paracrine
signaling that breast cancer cells utilize to influence BM-
MSC osteogenic differentiation. To this end, MDA-MB231s

were seeded into HA-containing scaffolds and cyclic com-
pression was imposed as previously described for 1 h, and
conditioned media was collected 24 h later (Fig. 5A). To
more comprehensively test the effect of loading on tumor
cell-BM-MSC interactions in the bone microenvironment, we
also assessed whether mechanical stimulation of the BM-
MSCs themselves impacts their responsiveness to tumor-
derived soluble factors (Fig. 5A). Surprisingly, neither total
DNA content nor ALP enzyme activity was affected by
loading tumor cells and/or by loading BM-MSCs (Fig. 5B, C).

Analysis of the bone extracellular matrix protein OPN,
however, revealed differences between the varied condi-
tions. OPN was tested as a candidate molecule secreted by
BM-MSCs and osteoblasts because of its additional role in
regulating interactions between osteoblasts and breast can-
cer cells.21,22 qPCR revealed that BM-MSCs increased OPN
gene expression in response to mechanical loading by 75%
(pooled Loaded groups vs. pooled NL groups) (Fig. 5D).
Furthermore, when BM-MSCs received media conditioned
by mechanically loaded MDA-MB231s, a trend, but no
statistical significance, for increased OPN gene expression
was observed, (pooled Loaded TCM vs. pooled NL TCM).

Taken together, mechanical loading of both MDA-
MB231s and BM-MSCs resulted in a trend for the greatest
stimulation of OPN gene expression, where loading induced
an 82% upregulation of OPN gene expression in BM-MSCs
receiving Loaded TCM; in comparison, OPN gene expres-
sion of BM-MSCs receiving NL TCM only increased 65%.
Gene expression results were corroborated by analysis of
OPN protein levels, which showed that (1) mechanically

FIG. 4. Human breast cancer-derived soluble factors generated in 2D versus 3D had similar effects on BM-MSC
osteogenic differentiation. (A) 3D tumor-conditioned media was generated from MDA-MB231 tumor cells (1.5 · 106 per
scaffold) cultured in HA-containing scaffolds for 24 h in low serum media, after which media was collected, concentrated,
and reconstituted with the appropriate BM-MSC culture media. 2D media was generated as described previously. (B) After
21 days, BM-MSC growth patterns were similar when incubated in 2D versus 3D tumor-conditioned media (tumor factors)
as indicated by fluorimetric DNA analysis. (C) Similarly, ALP enzyme activity was comparable between cultures sup-
plemented with 2D and 3D TCM. Same letters (a, b, or c) indicate similar mean values, and groupings with different letters
indicate that the difference is significant by post hoc comparison of means with Bonferroni correction (p < 0.05). 3D, three
dimensional. Color images available online at www.liebertpub.com/tea
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loaded BM-MSCs deposited more OPN within the cell-
polymer constructs than nonloaded BM-MSCs and (2) that
protein distribution within scaffolds was more uniform
when conditioned media was collected from loaded versus
nonloaded MDA-MB231 cultures (Fig. 5E). Collectively,
these results indicate that mechanical loading modulates
the interplay between tumor cells and BM-MSCs in the
bone microenvironment that may regulate bone metastasis
through altered OPN levels.

Discussion

We combined 3D scaffold-based culture models with
controlled mechanical stimulation to investigate the impact
of cyclic compression on the interplay between breast can-
cer cells and BM-MSCs as it pertains to bone metastasis.
First, we confirmed that BM-MSCs cultured within mineral-
containing 3D PLG scaffolds differentiated into mature os-
teoblasts and that exposure to tumor-derived soluble factors

FIG. 5. Mechanically loading
tumor cells affected osteopontin
gene expression and protein depo-
sition in BM-MSCs. (A) Loaded
and Nonloaded (NL) tumor-
conditioned media were generated
from MDA-MB231 tumor cells
(1.5 · 106 per scaffold) cultured in
HA-containing scaffolds that un-
derwent 1 h of cyclic compression
(1 Hz, 10% peak strain) and then
processed as previously described.
Control, nonloaded media was
generated similarly. (B) Mechan-
ical loading of tumor cells did not
alter downstream growth patterns
in BM-MSCs. (C) Similarly, no
differences in ALP enzyme activity
were detected. (D) Quantitative
real-time polymerase chain reac-
tion (qRT-PCR) revealed that
mechanical loading increased OPN
expression in BM-MSCs, and this
effect was more pronounced when
BM-MSCs were cultured in condi-
tioned media from loaded tumor
cells (Loaded tumor factors). (E)
Immunohistochemistry suggested
that mechanical loading also stim-
ulated OPN protein deposition by
BM-MSCs within scaffolds. Fur-
thermore, BM-MSCs cultured with
conditioned media from mechani-
cally loaded versus nonloaded tu-
mor cells resulted in more uniform
protein deposition within the scaf-
folds. Scale bars = 100mm. Same
letters (a or b) indicate similar
mean values, and groupings with
different letters indicate that the
difference is significant by post hoc
comparison of means with Bonfer-
roni correction ( p < 0.05). Color
images available online at
www.liebertpub.com/tea
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promoted this process. Finally, we revealed that conditioned
media collected from mechanically loaded breast cancer
cells increased OPN gene expression in BM-MSCs un-
dergoing osteogenic differentiation. Moreover, when
mechanical compression was simultaneously applied to
BM-MSCs, OPN gene expression was further enhanced.
These results suggest that mechanical loading of 3D
scaffold-based culture models may be utilized to evaluate
the role of physiologically relevant physical cues on bone
metastatic breast cancer. Furthermore, our data imply that
cyclic mechanical stimuli within the bone microenviron-
ment modulate interactions between tumor cells and BM-
MSCs that are relevant to bone metastasis.

While most research on osteolytic breast cancer metastasis
focuses on osteoclasts, osteoblasts are similarly critical as
they can provide factors triggering osteoclastogenesis.34 Yet
breast cancer is generally accepted to inhibit osteogenic dif-
ferentiation,16,27,35,36 suppress numbers of mature osteo-
blasts,37–39 reduce bone-forming activity and adhesion,16,36,40

and increase osteoblast apoptosis.15,39 Our results, in contrast,
suggest enhanced osteogenic differentiation, which may be
related to the stage of osteogenic differentiation at the time of
exposure to tumor-derived factors.37,41 While most previous
studies reporting negative effects of breast cancer on osteo-
blastic cells utilized committed preosteoblasts or mature os-
teoblasts, we tested effects on BM-MSCs.

Interestingly, we did not observe differences in osteo-
genic differentiation when BM-MSCs were cultured with
tumor-conditioned media generated in 2D versus 3D. Given
that initial tumor cell adhesion to the bone surface occurs in
a pseudo-2D context in vivo, it is possible that tumor cells
secrete osteogenic signaling factors independent of substrate
dimensionality. However, since our comparison was limited
to measurement of ALP activity, we cannot exclude that
other markers of osteogenesis are differentially affected by
2D versus 3D tumor cell-conditioned media. This possibility
should be evaluated in the future.

The interplay between tumor cells and BM-MSCs may
also be affected by the stage of metastasis, in that tumor
cells that just homed to bone may yield different effects than
ones present within overt secondary tumors. Indeed, a recent
report suggests that osteoblast numbers increased in vivo
before detectable osteolysis while osteoblast numbers were
depressed after osteolysis occurred.37 Cancer cells may also
elicit distinct changes in bone cells depending on proximity
of the two cell populations. Direct contact with tumor cells
can decrease osteoblast numbers while more distant osteo-
blasts can increase in number possibly due to paracrine
signaling,37 which is analogous to our studies using condi-
tioned media. Indeed, these spatial differences may con-
tribute to the observation that breast cancer bone metastases
are typically associated with both bone degradation and new
formation although the net effect is generally osteolysis.42

Mechanical loading has been long recognized as an anabolic
stimulant of bone tissue remodeling through stimulation of
osteogenic differentiation of MSCs, commitment of MSCs to
the osteoblastic lineage, promotion of osteoblast survival,4,13,43

as well as osteoblast production of bone matrix proteins such
as OPN.44 Our results now imply that in the context of bone
metastasis, mechanical loading can also enhance the ability of
breast cancer cells to stimulate osteoblastic production of os-
teopontin (OPN).

OPN is generally known as a factor mediating bone cell
adhesion to their extracellular matrix,19 but experimental
evidence suggests that it may also be priming for breast
cancer cell adhesion.21,45 It is possible that loading-induced
changes in breast cancer cell-BM-MSC interactions may
modulate processes involved in initial stages of secondary
tumor formation in bone, but additional work is needed to
investigate how mechanical loading affects the ability of
breast cancer cells to adhere to the bone matrix, even with
increased OPN. For example, cyclic loading modulates in-
tegrin expression in osteoblasts,46 and solid stress (e.g.,
constant compression) modulates integrin expression in
breast cancer cells,47 but whether cyclic loading has a
similar effect on cancer cells is unclear.

In addition, breast cancer-mediated shifts in osteoblast
phenotype have previously been observed. For example,
breast cancer cells induced an inflammatory phenotype in
committed preosteoblasts in vivo and in vitro, resulting in
production of chemoattractant proteins, such as osteoclas-
togenic interleukin-6 (IL-6).17,48 Whether or not loading
affects these differences, which role OPN may play in this
process, and if loading-dependent differences in protein
secretion are dependent upon the differentiation stage of
osteogenic cells are open questions that will need to be
addressed in future studies.

When both breast cancer cells and BM-MSCs underwent
mechanical loading, OPN gene expression was further in-
creased, suggesting a synergistic effect. However, our pre-
vious in vivo studies applying increased mechanical loading
of tumor-bearing bones prevented tumorigenesis.14 This dis-
crepancy might be related to the stage of osteoblast differ-
entiation. Specifically, MSCs in the bone marrow have been
shown to be pro-tumorigenic,18,41 but they only make up a
small fraction of the total bone cell population. Therefore, the
downstream effects of increased loading of tumor cells on
BM-MSC osteogenic differentiation might be small relative
to the effects on committed or mature osteoblasts.

We initially focused on changes in OPN gene and pro-
tein expression based on its documented role in both bone
matrix formation and metastatic function in breast cancer
cells, but other proteins may be playing a similarly im-
portant role in mediating the effects of mechanical loading
during bone metastasis. For example, transforming growth
factor beta (TGF-b) is also a protein known to play a role
in both regulation of osteogenic differentiation and osteo-
blast function,4,49,50 its expression is sensitive to mechan-
ical loading,51 and furthermore, it is a bone matrix protein
secreted by osteoblasts that also plays a significant role in
osteolytic metastasis.11 Interestingly, TGF-b also regulates
OPN expression in osteoblasts49,50 and, thus, could be
playing a role in breast cancer cell OPN expression in our
studies.

In conclusion, we have established a 3D in vitro model
platform that allows studying the impact of cyclic me-
chanical loading on the relationship between metastatic
breast cancer cells and osteoblastic bone cells. We showed
that breast cancer cells undergoing compressive loading
stimulated osteoblastic gene and protein expression of os-
teopontin, effects that were further increased when BM-
MSCs also received mechanical loading. These results
suggest that breast cancer cells may be utilizing BM-
MSCs undergoing early osteogenic differentiation to form
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pro-tumorigenic niches. However, more work is needed to
fully characterize the effects of dynamic mechanical forces
on bone metastatic tumor pathogenesis and subsequent
osteolysis. For example, the studies described here utilized
isolated paracrine interactions between tumor cells and
BM-MSCs under the influence of mechanical loading, but
bone remodeling involves a tight interplay among several
cell types beyond BM-MSCs and osteoblasts, including
osteoclasts and osteocytes. Future studies will be needed to
integrate these additional cell types into our in vitro me-
chanical loading model, to assess whether direct cell–cell
contact may modulate this interplay,52,53 and what func-
tional consequences these interactions have on breast
cancer bone metastasis. In addition, whether the effects of
dynamic loading on breast cancer cell-BM-MSC interac-
tions observed in these studies are conserved across mul-
tiple breast cancer cell lines or patient-derived cells, or
whether they differ based on some characteristic of the
breast cancer (e.g., subtype), must also be determined.
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