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Abstract
BACKGROUND/OBJECTIVES: Bone is a preferred site of breast cancer metastasis, suggesting the presence of
tissue-specific features that attract and promote the outgrowth of breast cancer cells. We sought to identify
parameters of human bone tissue associated with breast cancer cell osteotropism and colonization in the
metastatic niche. METHODS: Migration and colonization patterns of MDA-MB-231-fLuc-EGFP (luciferase-
enhanced green fluorescence protein) and MCF-7-fLuc-EGFP breast cancer cells were studied in co-culture with
cancellous bone tissue fragments isolated from 14 hip arthroplasties. Breast cancer cell migration into tissues and
toward tissue-conditioned medium was measured in Transwell migration chambers using bioluminescence
imaging and analyzed as a function of secreted factors measured by multiplex immunoassay. Patterns of breast
cancer cell colonization were evaluated with fluorescence microscopy and immunohistochemistry. RESULTS:
Enhanced MDA-MB-231-fLuc-EGFP breast cancer cell migration to bone-conditioned versus control medium was
observed in 12/14 specimens (P = .0014) and correlated significantly with increasing levels of the adipokines/
cytokines leptin (P = .006) and IL-1β (P = .001) in univariate and multivariate regression analyses. Fluorescence
microscopy and immunohistochemistry of fragments underscored the extreme adiposity of adult human bone
tissues and revealed extensive breast cancer cell colonization within the marrow adipose tissue compartment.
CONCLUSIONS: Our results show that breast cancer cells migrate to human bone tissue-conditioned medium in
association with increasing levels of leptin and IL-1β, and colonize the bone marrow adipose tissue compartment
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Biostatistics and Research Informatics Shared Resource.
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of cultured fragments. Bone marrow adipose tissue and its molecular signals may be important but understudied
components of the breast cancer metastatic niche.

Neoplasia (2015) 17, 849–861
Introduction
Breast cancer metastasis is responsible for most breast cancer
mortality. The process unfolds when epithelial cells lining the
mammary tree traverse the surrounding basement membrane and
invade the collagenous stroma populated by fibroblasts, adipocytes,
and infiltrating immune cells to access vasculature conveying passage
to distant organs. Although breast cancer commonly spreads to lung,
brain, and liver, the most prevalent site of breast cancer metastasis is
bone [1,2]. This organ-specific metastatic pattern has long been
explained by Paget’s seed and soil hypothesis, which postulates that
the microenvironment of certain organs attracts and promotes the
growth of specific types of cancer cells [3]. Bone-seeking malignancies
include breast and prostate cancers, suggesting the presence of
bone-specific factors that attract and promote colonization of these
but not all metastatic cancers [2]. An alternate explanation, posited by
Ewing, proposes that permissive features of the target organ
microvasculature facilitate specific metastatic patterns [4]. Breast
cancer metastasis to bone occurs most frequently throughout the axial
skeleton, which is populated by “red marrow” where active
hematopoiesis requires continuous passage of cells into the circulation
[5,6]. As such, sinusoids that permit the exit of cells during
hematopoiesis may facilitate the enhanced entry of circulating tumor
cells to colonize the bone marrow. However, not all metastatic cancers
spread to the bone, indicating that access alone may be insufficient.
Thus, although circulatory parameters may facilitate enhanced access
to certain organs, it appears that other properties must be responsible
for migration into and colonization of the metastatic niche.

To date, a number of different isolated bone cell types have been
evaluated for their ability to recruit breast cancer cells, including
osteoblasts; osteoclasts; mesenchymal stem cells; fibroblasts; and,
most recently, adipocytes [7–17]. These studies have implicated
numerous factors in breast cancer cell osteotropism, including SDF-1,
CTACK, RANKL, OPG, OPN, PDGF-AB/BB, VEGF, IL-6, IL-8,
GM-CSF, G-CSF, ENA-78, and 6Ckine [7,9–16]. In addition,
animal model studies of bone-seeking malignancies have revealed
specific areas within the bone microenvironment believed to host
early colonization events [18], leading to the proposal of specific
metastatic niches, including the hematopoietic stem cell niche [19];
the perivascular niche [20]; and, most recently, the osteogenic niche
[21]. However, although the role of the microenvironment in cancer
progression is widely acknowledged [22–24], a potentially important
breast cancer metastatic niche within the bone has been understudied.
The mature human skeleton, which is a frequent target of breast
cancer metastasis, becomes increasingly populated by adipose tissue
with age [25–27]. Although recent studies have revealed a central role
for bone marrow adipose tissue in prostate cancer progression [28],
relatively little attention has been paid to the potential role of bone
marrow adipose tissue in breast cancer cell osteotropism and
colonization events. We previously established a human bone tissue
co-culture model for studying breast cancer cell behavior within the
native three-dimensional microenvironment of the aging human skeleton
[29,30]. In this study, we sought to identify parameters of the human bone
tissue microenvironment associated with breast cancer cell migration and
colonization events. Our observations underscore the extreme adiposity of
the mature human skeleton and reveal robust breast cancer cell infiltration
of the bone marrow adipose tissue compartment.

Methods

Human Femur Tissue
Femoral heads were collected from 14 patients undergoing elective

total hip replacement (THR) in the Department of Orthopaedic
Surgery at the Stanford University Medical Center over a period of 6
months. Specimens were collected from 8 female and 6 male patients
ranging from 42 to 89 years of age (average = 63; median = 59). All
tissues were collected as deidentified specimens in accordance with
regulations of the Stanford University Research Compliance Office.
Per HIPAA regulations, the exact age of the one specimen in our
study isolated from an individual over the age of 89 was unknown but
was estimated as 89 years for statistical calculations. Discarded femoral
head specimens were placed in physiological saline, transported to the
laboratory immediately following surgery, and placed into a Pyrex dish
(VWR, Radnor, PA). Using a sterile glove to hold the femoral head with
one hand, cancellous bone fragments measuring ~3 to 5 mm2 were
dissected from the shaft using a surgical Rongeur (Fine Science Tools,
Foster City, CA) for placement into migration chambers and culture
dishes as described previously [29,30].

Breast Cancer Cell Lines
MDA-MB-231, MCF-7, and SKBR3 breast cancer cell lines and

MCF-10A breast cells were purchased from the American Type
Culture Collection (Rockville, MD) and engineered for the stable
expression of firefly luciferase with the Sleeping Beauty transposon
plasmid pKT2/LuBiG and the transposase plasmid pK/hUbiC-SB11
[31,32]. The resulting transfected cell lines are referred to as
MDA-MB-231-fLuc-EGFP, MCF-7-fLuc-EGFP, SKBR3-fLuc-
EGFP, and MCF-10A-fLuc-EGFP. All cell lines tested negative for
mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza,
Rockland, ME).

Direct Seeding of Breast Cancer Cells onto Bone Tissue
Fragments to Image Colonization Patterns by Fluorescence and
Confocal Microscopy

Bone fragments measuring ~3 mm in diameter were placed into
the empty wells of a 24-well tissue culture plate (1 fragment/well).
Cell suspensions delivering 1 × 103 to 1 × 106 MDA-MB-231-
fLuc-EGFP or MCF-7-fLuc-EGFP cells in 10-μl volumes of
DMEM-10% FBS were pipetted directly onto the top of each bone
fragment. After all fragments were seeded, the plate was incubated in a
humidified 37°C tissue culture incubator with 5% CO2 for 45
minutes to promote cell attachment. Once cells attached, 1 to 2 ml of
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DMEM-10% FBS was added to each well to submerge the fragments
for culture in a 37°C tissue culture incubator. After 24 hours of
culture, 5 μl of OsteoSense 680 (PerkinElmer) was added to each well
to achieve a concentration of 1.6 nmol/2 ml of culture medium to
label the mineralized trabeculae of the bone fragments, after which
the plates were incubated in a 37°C tissue culture incubator for an
additional 24 hours. For fluorescence microscopy at 48 hours,
fragments were transferred to a 24-well tissue culture plate containing
1 ml of FluoroBrite DMEM (Life Sciences)-10% FBS/well and
imaged with an epifluorescence microscope (EVOS, Life Technol-
ogies) configured to detect EGFP at 488-nm and Osteosense at
680-nm excitation wavelengths, respectively. For confocal microsco-
py, the fragments were incubated in a mixture of 10 ml of FluoroBrite
DMEM-10% FBS and 0.2 ml of Oil Red stock solution (3 mg/ml in
100% isopropanol) for 1 hour and then transferred to FluoroDishes
(World Precision Instruments) containing fresh FluoroBrite
DMEM-10% FBS for imaging on an SP8 confocal microscope
configured to detect EGFP at 488-nm, and Oil Red O and
Osteosense at 680-nm excitation wavelengths, respectively. Z stacks
were acquired at 20× magnification and rendered into 3-dimensional
images using Volocity 3D Image Analysis Software (PerkinElmer).

Culture of Bone Marrow Adipocytes
Bone marrow was isolated from cancellous bone tissues by flushing

individual fragments with 10-ml volumes of PBS expelled from a
syringe fitted with a 25-guage needle and filtering the effluent
through 70-μm strainers seated into 50-ml conical tubes. The
resulting marrow cell suspensions were centrifuged for 3 minutes at
room temperature at 300×g. Pellets were resuspended in ROCK
medium [33] and transferred to 24-well tissue culture plates.

Immunohistochemical Analysis
Bone tissue fragments were fixed in 10% buffered formalin,

decalcified, and processed for paraffin embedding and slide
preparation. Tissue sections were stained with hematoxylin and
eosin or processed for immunohistochemical analysis using a
monoclonal mouse anti-human cytokeratin antibody (Clone AE1/
AE3) (Dako Cytomation, Carpenteria, CA).

Generation of Bone Tissue Culture Supernatants for Migration
Assays and Secretome Analysis
Three fragments from each THR specimen were used to generate

bone tissue culture supernatants for use in migration assays and
secretome analysis. Bone tissue fragments were transferred into 3
separate wells of a 12-well tissue culture plate containing 2.2 ml of
DMEM-10% FBS per well. Three control wells received equivalent
volumes of medium but no fragments. Plates were incubated for 24
hours at 37°C. At 24 hours, the medium was removed and
replenished for all tissue-containing and control wells, followed by
an additional 24 hours of incubation. At 48 hours, 0.9- and 1-ml
aliquots of medium were collected from all wells for use in migration
and secretome analyses respectively.

Migration Assays
Transwell permeable cell culture inserts with 8-μm pores (Corning

Incorporated Life Sciences, Tewksbury, MA) were used for two
different types of migration assays [30]. In the first type of assay, using
a nontraditional “reverse”migration protocol illustrated in Figure 3A,
the cell culture inserts were placed upside down to be seeded with
breast cancer cell suspensions (1 × 105 luciferase-positive breast
cancer cells per 50 μl) onto the bottom surfaces of the insert cups.
The seeded cups were incubated at 37°C, 5% CO2 for 45 minutes to
promote cell attachment, after which they were turned right side up
for placement into the wells of a 24-well tissue culture plate
(MULTIWELL, Becton Dickinson, Franklin Lakes, NJ) containing
0.9 ml DMEM-10% FBS/well. Single bone tissue fragments
measuring ~3 mm in diameter or control glass beads were placed
into individual seeded inserts, which were then submerged in 450 μl
of DMEM-10% FBS/well. Migration plates were incubated at 37°C,
5% CO2 for 24 h, after which the bone fragments and control glass
beads were transferred into DMEM-10% FBS–containing wells of a
fresh 24-well tissue culture plate to assess the presence of
bioluminescence signal (Figure 3, B and C). In the second type of
assay (using a traditional protocol) diagrammed in Figure 4A, 350 μl
of DMEM-10% FBS containing 1 × 105 luciferase-positive breast
cancer cells were seeded onto the upper surfaces of insert cups seated
in an empty standard 24-well tissue culture plate and then incubated
at 37°C, 5% CO2 for 45 minutes to promote cell attachment. Seeded
inserts were then transferred to a MULTIWELL 24-well tissue
culture plate containing 0.9 ml of THR supernatant or control
DMEM-10% FBS medium per well. Migration plates were incubated
at 37°C, 5% CO2 for 20 hours, after which the inserts were removed
from all wells (Figure 4B). Once the inserts were removed, the
receiver plate was imaged with an IVIS imaging system (Xenogen
Product of Perkin Elmer, Waltham, MA) to detect cells that migrated
and attached to the bottom of each well (Figure 4C). Each
experimental sample (bone supernatants or fragments from a given
THR specimen, or control medium) was tested in triplicate.

Bioluminescence Imaging
Bioluminescence imaging (BLI) was performed on cells and tissues

following migration experiments in an IVIS 50 Imaging Platform
(Xenogen Product of Perkin Elmer, Waltham, MA) immediately
following addition of D-luciferin substrate (150 μg/ml) to all wells.
Imaging parameters were F-stop of 1, small binning, level D, and
exposure time of 30 seconds. The signal intensities are reported
as average radiance (photons/s per cm2 per sr). Average radiance
was integrated over individual wells designated as regions of
interest using the Living Image Software Program (Version 4.3.1.
Perkin Elmer).

Statistical Analysis of Breast Cancer Cell Migration to Bone
Fragments versus Glass Beads, and Bone-Conditioned versus
Control Medium

The migration of MDA-MB-231-fLuc-EGFP cells to triplicate sets
of wells containing bone tissue fragments versus control glass beads
was evaluated across 14 THR specimens by measuring the presence
versus absence of bioluminescence signal in each well. Comparison of
the numbers of signals in wells with bone fragments versus glass beads
was analyzed using a two-sided Fisher’s exact test. The migration of
MDA-MB-231-fLuc-EGFP cells to triplicate wells containing bone
tissue supernatant versus control medium was quantified across 14
THR specimens using BLI and expressed as average radiance
(photons/s per cm2 per sr). For the purpose of statistical analysis,
the average radiance values were transformed by taking natural
logarithms. We tested the null hypothesis that the mean log-
transformed radiance values do not differ between the averaged
bone-conditioned supernatant and control medium wells using the
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t test applied to replicate-averaged data and the within-subjects
one-way analysis of variance applied to replicated data.

Bone Tissue Fragment Secretome Analysis
Multiplex immunoassays of 75 protein analytes including

cytokines, growth factors, and adipokines were performed on the
cultured bone tissue fragment supernatants and control media
generated in triplicate for migration assays performed across 14 of
the THR specimens. One-milliliter volumes of bone tissue
fragment-conditioned medium or DME-10% FBS control medium
from all wells were collected into microfuge tubes and centrifuged for
5 minutes at 13,000 rpm on a tabletop microcentrifuge at room
temperature. Supernatants from these centrifugations were stored at −
80°C until analysis using MILLIPLEX MAP magnetic bead
immunoassay kits (EMD Millipore, Billerica, MA) based on the
Luminex xMAP technology. Levels of analytes were quantitatively
measured using MILLIPLEX MAP Human Cytokine/Chemokine
Panels I and II, Human Bone Panel, and RANKL (EMD Millipore,
Billerica, MA) as per the manufacturer’s instructions. Duplicate
aliquots of each supernatant sample were evaluated for each
biomarker. In brief, 25 μl of supernatant and control samples (or
standards) was incubated with 25 μl of magnetic beads conjugated
with capture antibodies in a 96-well plate overnight at 4°C. On day 2,
the beads were washed, 25 or 50 μl biotinylated detection antibody
cocktail was added, and the assay plates were incubated at room
temperature for 1 hour. Then, 25 μl of streptavidin-phycoerythrin
was added for a further 30-minute incubation. The beads were then
washed and resuspended in 100 μl buffer to read fluorescence levels
on a Luminex 200 Instrument. Fluorescence levels generated in the
sample data set were expressed as median fluorescence intensity
(MFI). MFI data were used for subsequent analyses based on two
considerations: 1) our choice of bone tissue culture supernatant
volumes was arbitrary, and 2) matrix effects result in an
approximation of concentration [34]. The standard curves offer a
semiquantitative normalization method. Because our intent was to
determine the association between migration and analyte levels, we
employed the raw MFI data [35].

Statistical Analysis of Migration as a Function of
Biomarker Levels

To evaluate MDA-MB-231-fLuc-EGFP breast cancer cell migra-
tion to bone tissue supernatants as a function of analyte levels, BLI
signal (reflecting migration) was analyzed as a function of MFI signal
(reflecting analyte concentration) across triplicate samples from 13
THR specimens (THRs 44-56) by regression analysis using linear
mixed models. (THR 43 supernatants were used for pilot
immunoassay protocol development and thus were not included in
statistical analyses.) More specifically, the ratios (fold increase) of BLI
signals detected in migration assays for conditioned versus control
medium were analyzed as a function of the ratios of MFI signal for
analytes in the same samples. Log-transformed values were used for all
statistical tests. R (R Core Team, 2012) and the software tool lme4
package in R v3.1.2 were used to perform a linear mixed effects
analysis of the relationship between BLI and analyte MFI ratios
[36,37]. We entered analyte MFI ratios and plate IDs (to account for
batch effects) into the model as fixed effects and intercepts for patients
as random effects. Univariate regression analysis [with and without
adjustment for age, gender, and false discovery rate (FDR) (q = 0.05)]
was performed on all 75 analytes interrogated by the 4 MILLIPLEX
MAP panels. Coefficients and P values for this analysis are listed in
Supplementary Table 1. In addition, multivariate regression analysis
(including age and gender as covariates) was performed to test the
association of five of the analytes interrogated by the MILLIPLEX
MAP Human Bone Panel (leptin, IL-1β, IL-6, OPG, OPN) with
breast cancer cell migration. All P values were two-tailed.

Results

THR Specimens
Fourteen femoral head specimens were collected as discarded

tissues following total hip replacement surgeries performed in the
Department of Orthopaedic Surgery at the Stanford University
School of Medicine over a period of 6 months. Bone specimens were
collected from male and female patients to survey the full spectrum of
properties potentially underlying the progression of bone-seeking
malignancies, which also occur in the male skeleton (e.g., prostate
cancer). All femoral heads included a portion of the proximal femur,
containing cancellous bone tissue (Figure 1A), the color of which
varied from red to yellow across patient specimens, as illustrated by
the fragments shown in Figure 1B. The cancellous tissue fragments,
isolated from individuals ranging from 42 to 89 years of age,
consistently harbored copious amounts of adipose tissue, as revealed
by histology (Figure 1C), fluorescence microscopy (Figure 1D), the
production of fat micelles during explant culture (Figure 1E), and the
robust outgrowth of adipocytes from cultured bone marrow cells
(Figure 1F ). These qualitative observations illustrate the extreme
adiposity of the mature human bone marrow compartment.

Patterns of Breast Cancer Cell Colonization
During 48 hours of co-culture following direct seeding of breast

cancer cells onto tissue fragments, breast cancer cells colonized the
mineralized and marrow compartments of the trabecular bone
fragments. Fluorescence microscopy revealed extensive infiltration of
MDA-MB-231-fLuc-EGFP and MCF-7-fLuc-EGFP cells into the
marrow compartment, where they displayed direct, extensive contact
with adipocytes (Figure 2A). Postculture immunohistochemistry
confirmed the presence of cytokeratin-positive MCF-7-fLuc-EGFP
cells surrounding adipocytes in fixed bone tissues (Figure 2B).
Confocal microscopy further illustrated the extensive, direct contacts
between MCF-7-fLuc-EGFP breast cancer cells and adipocytes in
bone fragments stained with Oil Red, revealing breast cancer cell
psuedopodial extensions around adjacent adipocytes (Figure 2, C
and D; Supplemental Data Video 1). Although our qualitative
observations revealed breast cancer cell contacts with bone cells
throughout the mineralized and marrow compartments, they
exhibited preferential, directed migration toward adipocytes. These
patterns of colonization reveal extensive breast cancer cell infiltration
of the bone marrow adipose tissue compartment and direct contact
between breast cancer cells and adipocytes.

Breast Cancer Cell Line Migration to Bone Tissue Fragments
MDA-MB-231-fLuc-EGFP cells migrated through microporous

membranes to colonize bone fragments as illustrated in Figure 3, A
and B. Colonization following migration was detected with BLI
following transfer of fragments and beads to wells containing fresh
medium, as illustrated in Figure 3C. Migration was significantly
greater to bone tissue fragments (15/42) compared with control glass
beads (3/42) as determined by the Fisher’s exact test (P = .003), with
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Figure 1. Adipose tissue is a prominent component of the mature human bone microenvironment and is accessible for study in a tissue
explant model. (A) Femoral head removed during total hip replacement surgery (THR 65), with arrow pointing to cancellous bone tissue in
the proximal femur. (B) Cancellous bone tissue fragments isolated from three different femoral head surgical specimens (THRs 63, 65,
and 76) revealing variation in yellow versus red marrow content. (C) Histologic section of cancellous bone tissue fragment stained with
hematoxylin and eosin reveals abundant adipocyte “ghosts” (red arrow) within the marrow compartment next to a mineralized bone
spicule (white arrow). (D) Fluorescence image of a cancellous bone tissue spicule labeled with Osteosense 680 (red arrow) and
surrounded by adipocytes (white arrow). (E) Fat micelles released into the medium of a cultured bone tissue fragment (white arrow). (F)
Adipocytes isolated from bone fragment marrow growing in culture.
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an odds ratio of 0.1385 and 95% confidence interval of 0.0365 to
0.5252. The viability of breast cancer cells within colonized fragments
following migration was previously demonstrated by culturing the
flushed marrows from BLI-positive fragments to demonstrate the
subsequent outgrowth of MDA-MB-231-fLuc-EGFP cells [30]. Breast
cancer cell colonization of one or more bone tissue fragments from 11/
14 of the THR specimens was observed, as shown in Figure 3D. These
results demonstrate osteotropic behavior of MDA-MB-231-
fLuc-EGFP breast cancer cells for human bone tissue fragments.

Breast Cancer Cell Line Migration to Bone
Culture Supernatants
Comparison of migration patterns through microporous mem-

branes revealed that MDA-MB-231-fLuc-EGFP cells, but not
MCF-7-fLuc-EGFP, SKBR3-fLuc-EGFP, and MCF10A-fLuc-
EGFP breast cancer cells, exhibited significantly greater migration
toward bone tissue-conditioned medium versus control medium as
shown in Figure 4D (P b .01). These patterns are consistent with
other in vitro and in vivo studies demonstrating highly robust
migration and metastatic behavior of MDA-MB-231-fLuc-EGFP
cells relative to other breast cancer cell lines [12,38]. Thus, although
ER-positive breast cancer cells effectively colonize the skeleton and are
responsible for most late breast cancer recurrence, MDA-MB-231-
fLuc-EFGP cells were used for subsequent migration assays in this
study. Quantitative BLI analysis of MDA-MB-231-fLuc-EFGP
migration to bone culture supernatants generated from 14 hip
replacement specimens demonstrated that MDA-MB-231-fLuc-
EFGP migration was greater toward bone-conditioned medium
versus control medium in 12/14 specimens (P = .0014), as illustrated
in Figure 5A, but varied across specimens. Fold increase in BLI signal
associated with migration to conditioned versus control medium
ranged from 0.75 to 3.5× (Figure 5B) across the 14 THR specimens
analyzed. These results demonstrate that MDA-MB-231-fLuc-EFGP
cell migration was consistently greater to bone-conditioned medium
relative to control medium and that the magnitude of this increase
varied across the 14 specimens.

Breast Cancer Cell Migration as a Function of Bone
Tissue Secretome

To determine if levels of secreted factors present in bone-
conditioned medium were associated with MDA-MB-231-fLuc-
EGFP migration patterns, we used linear mixed model regression
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Figure 2. Breast cancer cells establish direct contact with adipocytes during colonization of the bone marrow compartment when
co-cultured with cancellous human bone tissue fragments. (A) Fluorescence image of a cancellous bone tissue fragment seeded with
MCF-7-fLuc-EGFP cells (green arrow) shown in direct contact with adipocytes (white arrow) at 24 hours. (B) Post co-culture
immunohistochemical staining with AE1/3 anti-cytokeratin antibody detecting MCF-7-fLuc-EFGP cell colonization (green arrow) adjacent
to adipocytes (white arrow). (C) Confocal microscopy of co-cultures at 48 hours following staining with Oil Red to define adipocytes (white
arrow) and Osteosense 680 to define bone spicules (red arrow). A video of the image in panel (C) is provided in Supplementary Data Video
1. (D) MCF-7-fLuc-EGFP cells (green arrow) are shown in direct contact with adipocyte (white arrow).
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analysis. Specifically, univariate regression analysis was performed
on triplicate supernatant samples from 13 THR specimens to
analyze migration as a function of all 75 analytes measured in our
multiplex immunoassay (Supplementary Data Table 1). After
controlling for age, gender, and FDR, increasing levels of 16 factors
were significantly associated (P b .05) with MDA-MB-231-fLuc-
EFGP migration: leptin, IL-1β, IL-1α, MCP-3, TNFα, IL-17A,
TGFα, MIP-1β, IL-13, IL-10, GM-CSF, fractalkine, CD40L,
TRAIL, IL-20, and I-309. Decreasing levels of three factors were
significantly associated with migration: SOST, ACTH, and
RANKL. These results confirm previously published findings
suggesting that a broad constellation of secreted factors from many
bone cell types participates in the recruitment of breast cancer cells
into the bone microenvironment.

Because of the limited sample size of 13 THR specimens and
collinearity issues associated with analyzing high numbers of analytes
from multiple multiplex panels, we were not able to perform
multivariate regression analysis on all 75 analytes. Thus, multivariate
regression analysis was performed on a limited group of analytes of
interest interrogated by a single immunoassay kit panel. Given the
high level of adiposity observed in the bone fragments and the
observed infiltration of breast cancer cells into the bone marrow
adipose compartment over the course of our studies, we were
particularly interested in the role of the adipokine leptin. In addition,
a recent report identifying MDA-MB-231 breast cancer cell
expression of IL-1β as a determinant of bone homing in a mouse
model [39] led us to focus our attention on this analyte, which is also
secreted by adipocytes. As such, we performed our multivariate
regression analysis of migration patterns on a subset of adipokines and
cytokines interrogated by the MILLIPLEX MAP Human Bone Panel
magnetic bead immunoassay kit: leptin, IL-1β, and three other
bone-secreted factors previously implicated in breast cell osteotropism
(IL-6, OPG, and OPN) [9,12]. Of these factors, increasing levels of
leptin and IL-1β were significantly associated with migration (before
and after adjustment for age and gender) in both univariate regression
(P b .0001) and multivariate regression analysis (P = .006 and P =
.001, respectively). Scatter plots displaying migration patterns as a
function of increasing levels of each factor are shown in Figure 6A,
with regression coefficients and associated P values listed in
Figure 6B. These results reveal that increasing levels of leptin and
IL-1β in human bone tissue-conditioned medium promote breast
cancer cell migration.

Discussion
In this study, we employed a human bone tissue explant model
representing the aging skeleton, which is frequently the target of
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breast cancer metastasis, to study patterns of breast cancer cell
migration and colonization. The cancellous tissues used in this culture
system were isolated from the proximal femur region of femoral heads
discarded following hip replacement surgeries. The proximal femur is
a frequent site of breast cancer metastasis and harbors metabolically
active red marrow typically targeted by metastatic spread to the
skeleton [5,6,40]. Hip replacement procedures are most commonly
performed in individuals aged 50 to 80 years, an age range that
brackets the years of peak breast cancer incidence. In our culture
system, bone tissues are maintained as intact three-dimensional
fragments that retain both the mineralized spicules and marrow
compartment with all potentially relevant cell types. As such, these
tissues represent the microenvironment in which breast cancer metastasis
unfolds within the skeleton, providing the opportunity to discover
previously unrecognized interactions between breast cancer cells and
bone, including the bone marrow adipose tissue compartment.
A recurring observation during all aspects of our work with these

tissues has been the overwhelming presence of adipose tissue within
the “red marrow,” confirmed by histology, fluorescence microscopy,
and the copious production of fat micelles in all culture supernatants.
These observations are in keeping with the well-established
association between increasing bone marrow adipose with age,
which occupies up to 68% of the aging bone marrow compartment
(including up to 40% of the red marrow) [26,41,42]). When breast
cancer cells were seeded directly onto bone tissue fragments in
culture, they routinely migrated into the bone marrow adipose tissue,
establishing direct, extended contact with adipocytes. These patterns
are consistent with the fact that the human mammary gland is
surrounded by a stroma heavily populated by adipose tissue and that
adipose tissue is instrumental in directing mammary gland
development and primary tumorigenesis [43–47]. Breast cells appear
to be exquisitely responsive to the adipose tissue microenvironment,
manifested through secreted factors, extracellular matrix components,
and cell/cell contacts [45], and studies have shown that these
interactions can lead to the emergence of cancer associated adipocytes
that promote local tumor progression via stimulation of proliferation,
invasion, and angiogenesis [48,49]. As adipose tissue appears to be
fundamentally involved in the regulation of breast cell development
and tumorigenesis within the mammary gland, it is biologically
plausible that breast cancer cells would colonize the bone marrow
adipose tissue compartment during metastatic progression. In keeping
with breast cancer colonization of the bone marrow adipose tissue, we
also observed a strong association between breast cancer cell migration
in Transwell assays with increasing levels of the adipokines/cytokines
leptin and IL-1β in bone-conditioned medium.

Leptin, an adipokine secreted primarily by adipocytes, regulates
satiety and energy balance through receptors located in the
hypothalamus. Leptin levels in the blood correlate with body mass
index and have been implicated as a link between obesity and
numerous pathologies including breast cancer [50–56]. Studies have
shown that leptin levels are higher in breast cancer patients than in
healthy women, are elevated in obese women with versus without
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breast cancer, and correlate with breast tumor size and poor prognosis
[52,53,56,57]. In addition, leptin receptors are expressed by breast
tumors and correlate with tumor size and poor prognosis in patients with
high leptin levels [51,58–60]. In animal models, mammary tumor
development is reduced in obese, leptin-deficient versus leptin-intactmice
[61]. Numerous in vitro studies have shown that leptin promotes the
proliferation, migration, and survival of breast cancer cell lines through
leptin receptor–activated signaling pathways, including those that regulate
the stem cell phenotype and the EMT process [51,62–70].

IL-1β, a pleiotropic cytokine/adipokine produced by a variety of
cell types including macrophages, malignant cells, and adipocytes, is
widely associated with tumorigenesis and metastatic progression in
animal models and is overexpressed in human metastatic tumor
tissues [71]. Its secretion by malignant cells and/or the tumor
microenvironment has been proposed to fuel tumor-associated
inflammation to promote tumor invasiveness through paracrine and
autocrine mechanisms [72]. A role in breast cancer cell osteotropism
has recently been identified in a mouse model of metastasis where
elevated breast cancer cell expression of IL-1β was responsible for
MDA-MB-231 breast cancer cell homing to bone [39]. Extension of
this study to the analysis of tumor tissues from Stage II/III breast
cancer patients demonstrated that patients with IL-1β–positive
primary tumors were more likely to develop bone metastases than
patients with IL-1β–negative tumors. Although these studies
implicate an autocrine mechanism in which breast tumor cell
expression drives bone-seeking behavior, our experiments suggest that
IL-1β derived from the bone tissue microenvironment also fuels
osteotropic breast cancer cell behavior.

As our migration experiments were performed using intact tissues,
we did not determine the cellular origin of leptin or IL-1β in
bone-conditioned medium. Leptin is secreted primarily by adipose
tissues [73,74], and others have reported leptin secretion by isolated
bone marrow adipocytes in culture [75]. However, leptin is also
secreted in low amounts by other bone cells, including osteoblasts
[76,77]. Osteoblasts and adipocytes both originate from mesenchy-
mal stem cells and share some common markers [76]. Although leptin
expression by osteoblasts has been reported during the late maturation
phase [77], given the size and numbers of adipocytes within the aging
bone marrow niche, it is likely that they constitute the predominant
source of leptin in the bone-conditioned medium used in our studies.
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IL-1β, commonly produced by macrophages during inflammation, is
also recognized as an adipokine, and its secretion has been detected in
conditioned medium of cultured human preadipocytes, adipocytes,
and explanted subcutaneous abdominal adipose tissues [78].
Our observations that breast cancer cells are recruited to human bone

tissue-conditioned medium by leptin and IL-1β and colonize the bone
marrow adipose tissue compartment of cultured bone tissue fragments
are in keeping with an emerging body of work by others demonstrating
a seminal role for adipose tissue in fueling ovarian and prostate cancer
metastasis [17,28,79,80]. Most ovarian cancers preferentially metasta-
size to the omentum, an apron-like fold of visceral peritoneum
populated by fat cells that extends from the stomach over the lower
intestines. Nieman et al. demonstrated that adipocytes promote ovarian
cancer cell homing, migration, and invasion of the omentum through
the secretion of IL-8, IL-6, MCP-1, and TIMP [79,80]. This work also
revealed that during metastatic progression within the omentum,
ovarian cancer cells exhibit upregulation of the fatty acid chaperone
molecule FABP4, which mediates lipid trafficking and the transfer and
uptake of free fatty acids from adipocytes that fuel cancer cell growth.
Adipose tissue also appears to be centrally involved in the progression of
prostate cancer, which preferentially metastasizes to bone [28]. Using a
high-fat diet to induce bone marrow adiposity in a mouse model
coupled with in vitro studies, Herroon et al. demonstrated that prostate
tumors grow faster in a high-fat environment; that lipids are transferred
from adipocytes to tumor cells; and that marrow adipocytes fuel the
growth and invasiveness of prostate cancer cells by stimulating the
upregulation of IL-1β, HMOX-1, and FABP4 [17]. Extending their in
vitro work to breast cancer cells, this group also reported that
MDA-MB-231-BO cells exhibited increased growth and invasiveness
in the presence of adipocyte-conditioned medium. Using the same
model, Hardaway et al. have demonstrated the role of bone marrow
adipose-derived CXCL1 and CXCL2 cytokines in driving the osteolytic
process during prostate cancer progression in the skeleton, showing in
in vitro studies that adipocyte-driven osteoclastogenesis could be
reversed through CXCL1 and CXCL2 neutralization. [81]. Their
findings are supported by clinical associations implicating an
inflammation-driven promotion of progression within the bone that
activates the osteolytic cycle. Together, these previously published
studies reveal that cancer cells can exploit adipose tissue to thrive during
metastasis, providing solid mechanistic evidence that some adipose
tissues drive colonization, growth, invasion, and osteolytic processes
[17,28,79–81].

A potential role for marrow adipose tissue in breast cancer
metastatic progression to bone is also consistent with the established
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with increasing levels of leptin and IL-1β.
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association between obesity and poor breast cancer outcomes [82].
One explanation for this association is that local and/or circulating
levels of adipokines and cytokines, including leptin, IL-1β, TNF-a,
MCP-1, IL6, and IL8, fuel the progression of breast cancer
[50,83–86]. This constellation of factors is upregulated during
obesity and the associated state of chronic inflammation during which
subcutaneous and visceral adipose tissues become heavily infiltrated
with immune cells, including macrophages that produce a variety of
inflammatory cytokines [83]. However, a recent study did not find a
relationship between circulating inflammatory adipokines and breast
cancer risk, leading to the suggestion that serum levels of these factors,
which tend to signal through paracrine interactions, may not
constitute the appropriate surrogate measurement [87]. Our analysis
of the human bone secretome suggests that many of these factors are
produced in the bone and may signal to breast cancer cells arriving in the
bone marrow vasculature to infiltrate and colonize the marrow adipose
tissue. Thus, it is possible that cross talk and direct interactions between
breast cancer cells and adipose tissue within the microenvironment of the
bone may also underlie the association between adipose-associated factors
and poor breast cancer outcomes. Future analysis of these mechanisms
may therefore lead to improved therapeutic strategies for themanagement
of breast cancer metastasis to bone.

Conclusions
Our findings in a human bone tissue explant model reveal that breast
cancer cells colonize the bone marrow adipose niche and suggest that
they are recruited to human bone tissue by leptin and IL-1β. Bone
marrow adipose tissue and its molecular signals may be important but
understudied components of the breast cancer metastatic niche.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2015.11.005.
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