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Introduction 

Breast cancer often metastasizes to the skeleton.  The microenvironment of the bone plays an important role in 
determining whether the cancer cells grow or become dormant. We hypothesize that the extracellular matrix 
(ECM) and cytokines of the bone microenvironment are critical in determining the fate of the cancer cells. The 
study is being carried out in a relevant and innovative 3D model of bone-like tissue derived from osteoblasts.  
The aims are to determine how modification of the composition and structure of the ECM, and how cytokines 
and growth factors affect the cancer cells. The composition and structure of the ECM will be modified by 
deprivation of estrogen, oxidative stress, and by osteoclasts.  Cytokines associated with bone remodeling and 
with inflammation will be added or blocked. We propose to use human primary osteoblasts with human MDA-
MB-231 metastatic cells and their metastasis suppressed counterparts, MDA-MB-231BRMS1, and mouse 
MC3T3-E1 osteoblasts and murine mammary tumor cells D2A1(metastatic) or D2.OR(dormant).     

Keywords:  metastasis, bone, dormancy, matrix, cytokines, 3D model, estrogen, bone remodeling 
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Body 

Hypothesis: The ECM and cytokines of the bone microenvironment are critical in determining whether 
metastatic breast cancer cells will grow or become dormant. 

Specific aim: 1: To determine how modification of the ECM composition and structure affects 
proliferation and dormancy of breast cancer cells 

Task 1 a. Deprive osteoblasts of estrogen 

Osteoblasts express estrogen receptors.  Estrogen is critical for osteoblast development of ECM.  Furthermore, 
breast cancer occurs more commonly in postmenopausal women when estrogen is low. Thus, we asked if 
estrogen withdrawal during osteoblast differentiation would affect the growth of the cancer cells. In order to 
determine how an ECM formed under estrogen deprivation would affect the growth of cancer cells, murine 
osteoblasts, MC3T3-E1, were grown for 2 months in the bioreactor with a basal medium of  αMEM with 10mM 
β-glycerophosphate and 50 µg/ml ascorbic acid. Normal FBS (N-FBS) was added in the growth chamber at a 
concentration of 10% to the control cultures. To simulate estrogen deprivation, 1µm of pure anti-estrogen ICI 
182,780 was added to block the effect of estrogen contained in the N-FBS. Other cultures were deprived of 
estrogen by the use of 10% charcoal stripped FBS (CS-FBS) in place of the normal serum. In a subset of these 
cultures, 17β estradiol was added at 100pg/ml.  We had found (reported in the previous progress report) that low 
estrogen in the cultures did not affect osteoblast differentiation, i.e. alkaline phosphatase production, but did 
suppress mineralization (von Kossa stain). Dormant/proliferating cancer cells were added at 2000 cells/cm2 .
Cultures were imaged by confocal microscopy. Proliferation was quantified with Image J analysis (Figure 1).  
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We found that estrogen deprivation of the osteoblast during the time they differentiated, led to an ECM that 
enhanced the growth of both metastatic and metastasis suppressed, ER negative, breast cancer cells.  It is also 
known that estrogen suppresses inflammation in the bone. Although we have not yet tested for cytokines, we 
hypothesize that the breast cancer-osteoblast inflammatory response may be exacerbated with diminished 
estrogen (Carlsten, 2005).  

Task 1. A. Assay in tissue culture 

We asked if the same effects of estrogen manipulation could be detected on the matrix of osteoblasts grown in 
tissue culture plastic or in tissue culture glass chamber slides.  This approach would permit us to work with 
more samples and with more manipulations than with the bioreactor.  Moreover, it would permit us to collect 
preliminary data.  

a.1 Differentiation and matrix mineralization

MC3T3-E1 osteoblasts were grown and differentiated in 24-well plates for 4 weeks, plus or minus 1 mM ICI. 
After 4 weeks, cultures were fixed and stained for alkaline phosphatase or prepared for von Kossa stain, the 
former an indicator of differentiation and the later and indicator of mineralization (Figure 2).  

 

 

  

Figure 1.  Estrogen deprivation increased the growth and changed the morphology of MD-MB-231 and 
MDA-MB-231BRMS1 cancer cells. Osteoblasts were cultured for two months in αMEM with 10mM β-
glycerophosphate and 50 µg/ml ascorbic acid and 10% normal (N) FBS with and without the estrogen 
receptor  antagonist, ICI182,780 (1µM).  Osteoblasts were also cultured in the same medium with charcoal 
stripped (CS) FBS with and without 17-β estradiol (100pg/mL).  GFP-expressing metastatic MDA-MB-231 or 
metastasis suppressed MDA-MB-231BRMS1 cancer cells, were added to each culture; estrogen conditions 
were maintained after addition of cancer cells.  Images were collected daily for 5 days.  Shown are 
representative images and quantitative data from day 5 (n=3).  In both 231 and BRMS cells, growth increase 
occurred with lowered estrogen, i.e. addition of  ICI182,780 or with the use of charcoal stripped serum.  In 
cultures containing supplemental estradiol with CS-FBS, the growth and morphology reverted back to 
normal. Note that both cancer cell lines are estrogen receptor negative.  **p<0.05; ***p<0.001 

Figure 2. Blocking estrogen did not inhibit the expression of alkaline phosphatase or mineralization in 
cultures of MC3T3-E1.   Osteoblasts were differentiated in a 24-well plate for 4 weeks in normal medium 
(A,C) or medium with ICI 182,780 an estrogen rececptor antagonist (B,D) before fixation and staining for 
alkaline phosphatase expression (A,B),or for mineralization (vonKossa stain, C,D).  The substrate of the 
alkaline phosphatase enzyme, a marker of cell differentiation, stains a blue-purple color. Calcium 
mineralization is shown by the black specks (C,D). Light microscope images were taken after allowing the 
stain to dry. Scale bar = 100 μm. 
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a.2 Collagenous and non-collagenous proteins

We tested whether estrogen in the medium affected the collagenous and non-collagenous proteins produced by 
the osteoblasts (Figure 3). Compared to the matrix produced under normal growth condions (52pg/ml estradiol), 
the matrix produced in the presence of ICI had much less sirius red stain for collagen (Figure 3, A, B).  

 

Total protein (ug) Collagenous/non-collagenous 
3 weeks 4 

weeks 
3 weeks 4 weeks 

Normal matrix 49.2 50.2 0.22 0.26 
Estrogen inhibited matrix (ICI) 30.5 32.3 0.18 0.17 
Estrogen supplemented matrix (E2) 53.1 73.2 0.27 0.24 

This loss of collagen was also detected when the dyes were eluted and quantified (Table 1). At three weeks the 
collagen produced in the presence of ICI was about 45%  less than that seen with the cells grown under normal 
conditions.  At 4 weeks the values remained about the same (42%).  The non-collagenous proteins with ICI 
were about 37% of the values as the cells grown in normal medium.  The values for the cultures supplemented 
with estradiol (252 pg/m/ total), were about 30-40% higher than that of the normal cultures,( 52 pg/ml 
estradiol).  

a.3 Matrix structure

We used the collagen-binding protein, CNA-35, to compare the general structure of the matrix of MC3T3-E1 
osteoblasts grown with control, estrogen inhibited and estrogen supplemented media. The CNA-35 was labeled 
with Alexafluor 568. The images were compared (Figure 4). 

Figure 3. Four-week control osteoblast matrix 
stained with Sirius red/ fast green (Chondrex). 
Osteoblasts were differentiated in a 24-well plate 
for 4 weeks in normal media (A) or ICI medium 
(B) before decellularization of the matrix and 
staining with Sirius Red/Fast Green (Chondrex) 
for collagenous and non-collagenous proteins, 
respectively.  After washing away excess dye, 
samples were allowed to dry and were 
photographed using light microscopy (Right).  In 
another set of experiments (Table 1,below) the 
bound  dye was eluted and optical density at 540 
nm and 605 nm was used to calculate the 
collagenous and non-collagenous proteins, 
respectively. Samples were taken at 3 weeks and 
4 weeks  of growth.  

Table 1.  Collagenous and non-collagenous proteins 
in matrices of ostetoblasts grown with supplemental 
estrogen or with ICI, an extrogen receptor antagonist. 
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We added cancer cells to the various matrices after they had been decellurized (Figure 5). The most apparent 
change in overall matrix structure was the appearance of elongated fibrils in the matrix of the cells grown with 
the ICI (Figure 4, compare B with A and C).   

Figure 4.  Estrogen levels affected the matrix deposition by MC3T3 osteoblasts. The osteoblasts 
were grown in A. normal medium, 52 pg/ml estradiol, B. medium with ICI 182,780 receptor 
antagonist, and C. medium supplemented with 200 pg/ml estradiol for three weeks.  The cultures 
were washed with PBS, fixed and imaged with confocal microscopy. They were not decellurized. 

Figure 5. Estrogen status during bone matrix production altered actin fiber arrangement of 
breast cancer cells attached to a decellularized osteoblast matrix.  MC3T3-E1 osteoblasts were 
grown for 3 weeks on chamber slides in differentiation media with no additives (52 pg/ml 
estradiol),  or with 1μM ICI or with 252 pg/mL estradiol.  Matrices were decellularized and seeded 
with either MDA-MB-231GFP or MDA-MB-231BRMS1GFP cells.  After 6 hours, slides were rinsed
and labeled with phalloidin conjugated to Alexa 568 (Life Technologies).  Cells were imaged with 
an Olympus FV300 confocal microscope.  Arrows note extended actin fiber structure in cells 
plated on unaltered or ICI matrices while cells plated on estradiol supplemented matrices maintain 
a ring-like formation (arrowheads).  Scale bar = 50 microns.   



9 
 

Both MDA-MB-231 cells and the isologous line, the metastasis suppressed MDA-MB-231BRMS1, were 
examined for attachment after 6 hours with osteoblasts grown under the three estrogen conditions (Figure 5). 
The osteoblasts were first removed from the matrix decellularized with deoxycholate.  The cells on matrix 
grown with 52 pg/ml estradiol, the normal matrix, show extended fiber structures (Figure 5 left).  Under 
conditions of estradiol supplementation or blocking of estradiol with ICI, the cells did not shown this extended 
structure. These data support the previous finding (Figure 3,4) that the matrix has been altered and in such a 
manner that affects the cancer cells.  

1.4 Attachment and Growth on a fixed vs live cell matrix 

We carried out a series of experiments to determine how the matrix affected the attachment and growth of the 
breast cancer cells (Figure 6). We compared attachement and growth on tissue culture plastic to that on an 
osteoblast layer of live osteoblasts, fixed osteoblasts or a deoxycholate decellularized matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

We found that with both cell lines (Figure 6), more cells attached to the osteoblasts matrix that had been fixed 
compared with the live osteoblasts.  Ten-fold more attached than on tissue culture plastic.  We compared the 
growth of the cancer cells over 3 days (Figure 6, B,C) and saw that the attachment was reflected in cell growth.  

Figure 6.  Breast cancer cells attached and grew better on a fixed osteoblast matrix.   A. Attachment of MDA-
MB-231BRMS1GFP was determined after 6 hours of incubation on tissue culture plastic, a culture of live 
MC3T3-E1 osteoblasts of 3 weeks, a culture decellularized with deoxycholate,  or a culture fixed with 4% 
paraformaldehyde. Cells were lysed and GFP in the lysate was determined.  The growth of MDA-MB-231GFP  
(B) or MDA-MB-231BRMS1GFP  (C) was determined on live cultures or fixed osteoblasts. N=3 for each 
assay. P<0.001. D-G Images of MDA-MB-231 cells on various matrices after 18 hours. Scale bar = 50 µM. 
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We speculated that osteoblasts were producing inhibitory materials of some kind.  However, conditioned 
medium from osteoblasts added to cancer cells did not affect their attachment for growth.  It may be that one of 
the inhibitors is formed when the cancer cells attach to the osteoblasts. We have published previously (Bussard 
et al., 2010) that the osteoblasts show an inflammatory response when in contact with the cancer cells. We 
imaged the cells grown on the various matrices (Figure 6, D-G).  Compared to plastic, the cells on a matix were 
much more spread and flattened. On the live matrix of osteoblasts, the cancer cells remained in small colonies; 
while in the fixed cultures they tended to be more spread apart. 

Task 1. b. Treat the ECM with H2O2 prior to the addition of cancer cells.  

As reported in the 2013 progress report, we found no significant difference in breast cancer cell growth after 
treatment of the ECM with H2O2.  We varied concentrations and times of addition but saw no changes in the 
cancer cell growth. 

Task 1.c. Incubate the osteoblast tissue with osteoclasts to partially degrade the matrix. 

Pre-osteoclasts must be isolated from the bone marrow and differentiated to active osteoclasts. We have had 
limited trials of addition of osteoclasts to the bioreactor.  However, we were able to mimic aspects of bone 
remodeling in the bioreactor (Krishnan et al., 2014). Addition of cancer cells showed an affinity for the cancer 
cells with the osteoclasts.  

Characterization of the collagen matrix 

As described in our last progress report, we had submitted samples of cultures of MC3T3-E1 grown in the 
bioreactor for two months, to Dr. Patricia Keeley at the University of Wisconsin-Madison to characterize the 
collagen by second harmonica generation analysis (Gehler et al., 2013). Unfortunately she was unable to resolve 
the collagen to the desired degree of resolution for second harmonic generation studies.  However, we had read 
of a novel and recently discovered collagen binding protein, CNA35, isolated from S. aureus, that could be 
labeled with a fluorescent probe (Zong et al., 2005).  This molecule can be used with live or fixed cultures.  We 
obtained CNA35 from Dr.Magnus Hooke, Texas A&M.  We conjugated it with either Alexa Fluor 568 or 488. 
The conjugated protein was used in cultures at 0.05 µM.  We were successful in labeling collagen fibrils in 2D 
and 3D cultures (Figure 7).  MDA-MB-231 GFP expressing cancer cells were added to cultures of  MC3T3-E1 
at 4000 cells/cm2 .  After 3 days of co-culture the cells were stained with CNA35-Alexa Fluor 568 and imaged 
by confocal microscopy. The collagen arrangements of the matrices were different for the same cells grown 
under the two different conditions (compare Figure 7A with Figure 7B).  
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GFP-expressing MDA-MB-231 cells were added to 2D cultures and imaged 3 days later (Figure 8).  The cancer 
cells aligned themselves within and along the matrix and appeared to remodel the neighboring fibers. 

We also tested the MDA-MB-231-GFP cells in the bioreactor (Figure 9).  The MC3T3-E1 had been grown for 4 
weeks prior to the addition of cancer cells. They were imaged as in Figure 8 .  The matrix in the bioreactor 
appears to be thicker than in the culture dish. Thus it is more difficult to see the changes in the individual 
collagen fibers. 

In another set of bioreactor cultures we tested the metastasis suppressed variant of MDA-MB-231, MDA-MB-
231-BRMS1 cells  (Figure 10). 

A B

A B

A B

Figure 7.  MC3T3-E1 osteoblast matrix 
labeled with CNA35-Alexafluor 568 in 2D 
(A) or 3D (B) cultures. MC3T3-E1 were 
cultured in tissue culture plastic plates (A) for 
3 weeks or in the bioreactor (B) for 4 weeks 
with αMEM, 1% β-glycerol phosphate and 50 
µg/ml ascorbic acid. CNA35 was added to 
fixed cultures at 0.05 µM. Images were taken 
with confocal microscopy. Scale bar = 50µM. 

Figure 8. Remodeling of osteoblast-produced 
ECM by MDA-MB-231 cells in 2D cultures.  
MC3T3-E1 osteoblasts were cultured for 3 
weeks before addition of MDA-MB-231-GFP 
(4000 cells/cm2). Three days later the cultures
were fixed, stained and imaged with confocal 
microscopy.  A, 20X; B, 60X magnification.  
Note the changes in the ECM close to the 
cancer cells, and that some cancer cells are 
buried in the ECM. Scale bar = 50µM 

Figure 9. Metastatic MDA-MB-231 cells 
invaded the ECM in the bioreactor. The cancer 
cells were added to 4 week cultures of MC3T3-
E1 cells.  After 3 days the cultures were fixed, 
stained with CNA35 conjugated to Alexa Fluor 
568 and imaged with confocal microscopy at 
20X (A) or 60X (B).  Note how the cancer cells 
are imbedded beneath the matrix. Scale bar = 
50µM 
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The CNA35 has provided us a tool to begin to investigate the interaction of the cancer cells with the ECM and 
to ask how the ECM affects the growth of the cancer cells. We used the CNA35 to examine the matrix after 
deprivation of estrogen (Figure 4). 

Atomic Force Microscopy 

Atomic force microscopy will provide a wealth of information to characterize the bone-like matrix.  The Bruker 
ICON located in the Materials Research Institute, Penn State University Park, is capable of performing peak 
force tapping analysis which is particularly well suited for atomic force microscopy of delicate biological 
samples.  The instrument has expanded capability to acquire quantitative information for such matrix 
characteristics as topography, elasticity, stiffness and adhesion. A member of our research team has attended a 
two day workshop on the principles and operation of the atomic force instrumentation. We plan to characterize 
and compare samples of the native-made osteoblast matrix with and without cancer cells. 

Specific Aim 2: To determine how bone remodeling and inflammatory cytokines in the microenvironment 
affect proliferation and dormancy of cancer cells. 

 This work has recently been published (see appended publication, Sosnoski, DM, RJ Norgard, CD Grove, SJ 
Foster and Andrea M. Mastro, Dormancy and growth of metastatic breast cancer cells in a bone-like 
microenvironment. Clin Exp Metastasis, 32: 335-344, 2015). The findings are briefly summarized here.  

Task 2a:  Cocktails of cytokines associated with bone remodeling were tested for the effects on 
growth/dormancy of cancer cells. 

Bioreactor MC3T3-E1/Human Breast Cancer Cell Model 

In the 2013 progress report, we reported that MDA-MB-231BRMS1 breast cancer cells entered a dormant state 
when cultured in a bioreactor with differentiated MC3T3-E1 murine osteoblasts. The osteoblasts at two months 
of culture had formed a thick collagen matrix (Mastro and Vogler, 2009).  We tested various combinations of 
inflammatory and bone remodeling cytokines to determine if they could release the BRMS cells from the 
dormant state.  The cocktail of inflammatory cytokines ( IL-6, MCP-1, IL-8, VEGF and GRO-α) was not 
effective.  However  when a cocktail of bone remodeling cytokines (TNFα, IL-1β and IL-6) were added, the 
cells proliferated and exhibited a dramatic change in morphology (Figure 11 and see Figure 1 in appended 
publication).  To demonstrate that the cytokines were directly responsible shift to the proliferative state, we 

A B

Figure 10.  MDA-MB-231BRMS1 cells were less 
invasive in the ECM. MC3T3-E1 cells were grown 
in the bioreactor for 4 weeks before the addition of 
the metastasis suppressed cancer cells.  After 3 
days the cultures were fixed,  stained with CNA35 
Alexa-568 and imaged with confocal microscopy 
at  20X (A) or 60X (B). In comparison to the 
metastatic MDA-MB-231 cells the BRMS cells 
remained above the matrix.  Scale bar = 50µM  
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carried out experiments in which the cytokines were inhibited by neutralizing antibodies. MC3T3-E1 cells were 
grown and differentiated in the bioreactor for two months, establishing a mature osteoblast population with a 
native collagenous matrix.  The human breast cancer cell lines were added (4000 cells/cm2) to the bottom
chamber of the bioreactor cultures; 15 minutes later, a limited panel of bone remodeling cytokines (TNFα 
(5ng/mL), IL-1β (10ng/mL), and IL-6 (10ng/mL)) was added.  Neutralizing antibodies to each of the cytokines 
were added to the cytokine cocktail in 600-2000 fold excess. Cytokines and antibodies were purchased from 
R&D Systems, Minneapolis, MN.  Cultures were photographed daily by confocal microscopy for 
morphological and proliferative changes in the cancer cells.   On the final day of culture, bioreactors were 
dismantled and the culture membranes fixed in 4% paraformaldehyde.  Culture supernatants were frozen for 
later cytokine analysis. Image J analysis was conducted on collected confocal images to determine percent area 
fraction.  Results are the average of 3 images collected at each time point.  Statistical analysis was performed in 
GraphPad Prizm using 2-way ANOVA. 

The presence of the neutralizing antibodies to the bone remodeling cytokines blocked the proliferative and 
morphological changes elicited in the MDA-MB-231BRMS1 cells (Figure 11 A).  However, after three days in 
culture this effect diminished (Figure 11 B).  It is possible that the antibodies were degraded to the point that 
they were no longer effective. 

Next, we set out to investigate possible mechanisms for the “awakening” of the dormant BRMS1 cells by the 
bone remodeling cytokines.  A search of scientific literature revealed a strong correlation between 
cyclooxygenase-2 (COX-2) and its downstream product, prostaglandin E2 (PGE) in the tumorgenesis and 
invasion of breast cancer cells (Mitchell et al., 2010). Cultures were established as previously described. The 
COX-2 inhibitor, indomethacin (Sigma-Aldrich, St. Louis, MO) was added to select cultures at a concentration 
of 50µM.  Cultures were photographed daily by confocal microscopy for morphological and proliferative 
changes in the cancer cells.   On the final day of culture, bioreactors were dismantled and the culture 
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membranes fixed in 4% paraformaldehyde.  Culture supernatants were frozen for later cytokine analysis. Image 
J analysis was conducted on collected confocal images to determine percent area fraction.  Results are the 
average of 3 images collected at each time point.  Statistical analysis was performed in GraphPad Prizm using 
2-way ANOVA. 

From this experiment, we determined that IL-6 was not required for the BRMS1 cells to break dormancy; TNFα 
and IL-1β were sufficient to cause the proliferative and morphological changes.  The addition of 50µM 
indomethacin caused the cells to maintain their dormant state, even in the presence of the bone remodeling 
cytokines (Figures 12A and 12B and Figure 2, appended publication) . 
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Figure 12.  The effects of TNFα, IL-1β on MDA-
MB-231 BRMS1 cells were blocked by 
indomethacin. A)  TNFα, IL-1β and IL-6 were added 
to the 3D osteoblast culture. A TNFα and IL-1β 
cocktail was also tested along with 50µM 
indomethacin. Cultures were imaged daily for 4 days. 
B) Area fraction quantitation was performed on
images (n=3) using ImageJ and GraphPad Prizm 
analysis **p<0.05; ***p<0.001 
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In light of these findings, we decided to target molecules downstream of COX-2 in the arachidonic acid 
cascade, namely PGE2.  The prostaglandin receptor antagonist AH6809 (from Cayman Chemical, Ann Arbor, 
MI) was added to the cultures at a concentration of 50μM simultaneously with the TNFα and IL-1β.  Cultures 
were maintained and images collected daily for 4 days. 

The prostaglandin receptor inhibitor AH6809 had a marked inhibitory effect on the proliferation and 
morphology changes induced by the bone remodeling cytokines TNFα and IL-1β (Figure 13A).  The area 
fraction occupied by cancer cells was reduced to the same level as the co-culture without additional cytokines 
(Figure 13B).  These data suggest that PGE2 plays a key role in the switch of a breast cancer cell from a 
dormant to an active state.  In order to investigate this link, we assayed the reserved supernatants from the 
bioreactor cultures for levels of PGE2 using an EIA based kit (GE Healthcare, Piscataway, NJ).  Assays were 
performed according to the manufacturer’s protocol with recommended modifications to allow for the high 
protein content of the bioreactor supernatants.   

Control TNFα, IL1β, AH6809TNFα, ILβ

Day 2

Day 3

Day4

A
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0
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Figure 13.  The effects of TNFα, IL-1β on MDA-MB-231BRMS1 cells were blocked by the PGE2 
receptor antagonist, AH6809. TNFα and IL-1β were added to the 3D osteoblast culture along with 
50µM AH6809.  Cultures were imaged daily for 4 days. A) Representative images of live bioreactor 
cultures captured by confocal microscopy.  B) Area fraction quantitation was performed on images (n=3) 
using ImageJ; graph and statistical analysis was performed on GraphPad Prizm using 2-way ANOVA.  
***p<0.001 
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The levels of PGE2 were substantially elevated when TNFα and IL-1β were present.  That elevation was 
mitigated by the addition of the COX-2 inhibitor, indomethacin which prevented the downstream production of 
PGE2 in the arachidonic acid metabolic pathway.  While the cultures containing the cytokines plus the PGE2 
receptor inhibitor, AH6809 produced high levels of PGE2, the cytokine-associated effects on growth and 
morphology of the BRMS1 cells were halted by the inability of the prostaglandin to bind to the cell receptor.  
These data indicated that the bone remodeling cytokines TNFα and IL-1β caused dormant cells in a bone 
microenvironment to proliferate via increased production of prostaglandin E2 and its subsequent signaling. 

We carried out immunohistochemistry to assay for nuclear localization of Ki67 as a marker for cell proliferation 
(Figure 14 ,Figure 3 in appended publication). About 2% of the cells showed nuclear localization of Ki67 in the 
untreated cultures.  This value increased to 28% in the presence of TNFα and IL-1β or 24% with PGE2.  With 
AH6809 no positive cells could be found (0%) (Figure 14).  

We had also determined that the non- metastatic MCF-7 line became dormant when cultured on normal human 
osteoblasts in the bioreactor (Figure 15, Figure 4 from appended publication). The cytokines included reported 
human bone remodeling cytokines (Table a, below). The increase in proliferation was blocked with 
indomethacin or with AH6809. 

Table 1 from appended publication (Sosnoski 
et al 2015). PGE2 levels are elevated by the 
bone remodeling cytokines, but reduced by 
addition of indomethacin or neutralizing 
antibodies.  The results of two separate 
experiments are summarized in the tables 
above.  In both cases, PGE2 levels are 
elevated well above the level of untreated 
cultures while levels are decreased in cultures 
with added indomethacin or neutralizing 
antibodies.  The PGE2 receptor inhibitor 
AH6809 did not lower the level of PGE2 
induced by the bone remodeling cytokines. 

Figure 14 
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A reported effect of PGE2 on cancer cells in an increase in focal adhesion kinase (FAK).  Therefore we 
examined FAK plaque formation in BRMS1 cells cultured on MC3T3E-1 osteoblasts cultured in the bioreactor 
with the addition of TNF-α and IL-1β. There was a six fold increase in FAK in the cells in the presence of the 
cytokines (Figure 16, Figure 5 in appended publication).  This value was reduced in the presence of 
indomethacin. 

Figure 15 
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Bioreactor culture of normal human osteoblasts (NHOst) and human breast cancer cells 

As stated in the 2013 progress report, we were successful in establishing bioreactor cultures of the normal 
human osteoblasts purchased from Lonza (Walkersville, MD).  These cultures produced a rich collagenous 
matrix and mineralized after one month in culture.  However, when MDA-MB-231BRMS1 breast cancer cells 
were co-cultured with these osteoblasts in the bioreactor, they failed to show the dormancy model seen with the 
murine osteoblast/ human cancer cell system. 

 

The MDA-MB-231BRMS cells clearly proliferated and assumed a morphology similar to the aggressive, non-
suppressed MDA-MB-231 cells when grown in culture with human osteoblasts .  We speculate that the NHOst 
osteoblasts may be secreting a cytokine or growth factor that is not produced by the MC3T3-E1 osteoblasts that 
could be triggering proliferation of the cancer cells.  Since dormancy could not be established from the outset, 
this cell pairing proved to be unsuitable as a dormancy model. However, comparison of the two cultures, 
MC3T3-E1 and NHOst may prove valuable. 

 The MCF-7 human breast cancer cells proved to be an excellent model to study cancer cell dormancy in a 
bone-like microenvironment.  With the addition of basic FGF, the cells became dormant; the addition of bone 
remodeling cytokines caused a marked morphological change accompanied by an increase in proliferation.  
These effects were mitigated by the addition of indomethacin and, to a lesser extent, AH6809.  These findings 

A B Figure 17.  MDA-MB-231BRMS1 breast cancer cells 
co-cultured for 3 days with MC3T3-E1 murine and 
NHOst human osteoblasts.  A) BRMS1 cancer cells 
grown on a 2 month old bioreactor culture of MC3T3-E1 
osteoblasts.  B) BRMS1 cells grown on a 1 month old 
bioreactor culture of NHOst osteoblasts.  Note marked 
differences in morphology and growth. Scale bar = 100μM. 

Figure 16 
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support the evidence seen in the previous experiment for the important role of bone remodeling cytokines in the 
awakening of dormant cancer cells. 

Bone Cytokine Environment 

In order to achieve a more comprehensive understanding of the bone metastatic environment, we designed a 
series of in vitro experiments to examine the intercellular cytokine crosstalk between three breast cancer cell 
lines, MDA-MB-231, MDA-MB-231BRMS1, MCF-7, and three key cell types of the bone marrow 
compartment, osteoblasts (NHOst), endothelial cells (BMEC) and stromal cells (KM101).  All cell lines were of 
human origin.  Conditioned medium was generated from each of these cell lines.  Cultures of each of the bone 
marrow cell lines were treated with the conditioned media from each of the breast cancer cell lines.  Conversely, 
each cancer cell culture was treated with conditioned medium from each of the three bone marrow cell lines.  
After 24 hours of treatment with conditioned media or vehicle media, the culture supernatants were collected 
and assayed for 20 cytokines involved with inflammation and bone remodeling.  The MilliPlex (Millipore, 
Billerica, MA) panel included:  epithelial growth factor (EGF), fibroblast growth factor 2 (FGF-2), eotaxin 
(ETXN), granulocyte colony stimulating factor (G-CSF), fms-like tyrosine kinase 3 (FLT-3L), granulocyte 
macrophage colony stimulating factor (GM-CSF), fractalkine (FRAK), GROα, platelet-derived growth factor 
AA and BB (PDGF-AA, PDGF-BB), IL-17A, IL-1β, IL-3, IL-6, IL-8, interferon γ induced protein 10 (IP-10), 
monocyte chemoattractant protein 1 (MCP-1), RANTES, tumor necrosis factor α (TNFα) and vascular 
endothelial growth factor (VEGF).  The assay plate was run in accordance with the manufacturer’s protocol. 

The cytokine composition of the conditioned medium for each cell line is summarized in Table 2. All cell lines 
of the bone marrow compartment secreted IL-6, MCP-1 and VEGF.  BMEC and KM101 as well as the cancer 
cells secrete PDGF-AA. The 231 and BRMS1 cancer cells and the NHOst osteoblasts secrete G-CSF.  
Interestingly, the less metastatic MCF-7 cells did not.  Of particular note is the FGF secreted by the bone 
marrow stromal cells, KM101.  FGF was used in this study’s experiments to induce a state of dormancy in 
MCF-7 cells grown on osteoblasts.  When conditioned medium from any of the cancer cell lines was used to 
treat KM101 stromal cells, FGF levels were reduced by 58%.  Results of conditioned media treatments revealed 
an increase in the inflammatory cytokine IL-6 in all bone marrow cell types when treated with any of the breast 
cancer cell conditioned media; these media also raised levels of MCP-1 and VEGF in BMEC cultures.  While 
numerous other cytokine levels were affected when the bone marrow cells were treated with cancer cell 
conditioned media, the cancer cells did not respond to treatment with conditioned media from the cells of the 
bone microenvironment.  The effects of the altered cytokine profile present in the metastatic bone environment 
will be examined in further detail. 

Table 2.  Cytokines secreted by human osteoblasts (NHOst), endothelial cells (BMEC), stromal cells 
(KM101) and breast cancer cell lines, MDA-MB-231 (231), MDA-MB-231BRMS1 (BRMS1) and MCF-7. 

Cell line Secreted cytokines 
BMEC GRO, PDGF-AA, IL-6, MCP-1, VEGF 
KM101 FGF, FRAK, PDGF-AA IL-6, MCP-1, VEGF 
NHOst G-CSF, GRO, IL-6, IL-8, MCP-1, RANTES, VEGF 
231 G-CSF, PDGF-AA, VEGF 
BRMS1 G-CSF, GRO, PDGF-AA IL-8, VEGF 
MCF-7 FRAK, PDGF-AA, VEGF 
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Key Research Accomplishments 

 Dormancy models of human metastatic breast cancer in bone were established in a 3D bioreactor system
with osteoblasts, both mouse and human.

 Demonstrated that dormancy was broken and the cancer cells grew in the presence of bone remodeling
cytokines (TNF-α and IL-1β).

 The downstream target of these cytokines was prostaglandin G2 (PGE2).  The break in dormancy could
be prevented by indomethacin or a receptor antagonist of PGE2.

 The osteoblast matrix could be manipulated by the amount of estrogen in the culture during osteoblast
differentiation.

 Breast cancer cells attached more readily to fixed as opposed to live osteoblast cultures.
 Breast cancer cells grew better in osteoblast cultures grown in the presence of an estradiol receptor

antagonist. The cancer cells themselves do not express estrogen receptors.
 Estrogen levels also affected the structure of the collagen and the ratio of collagenous to non-

collagenous proteins.
 Cytokine arrays of breast cancer cells, bone marrow stromal cells,  bone marrow endothelial cells

exposed to conditioned medium from each cell line revealed cytokines that were differentially expressed
by each cell type as well as by exposure to another cell type.

Conclusions 

While the “five year” cure rate for primary breast cancer is high, many women will die from breast cancer 
metastases.  Very often metastatic breast cancer is found in the skeleton.  It appears that the cancer can remain 
dormant there for many years, even decades.  Anecdotal evidence suggests that bone trauma or bone remodeling 
is associated with breaking of dormancy.  In this study we established a dormancy model of human metastatic 
breast cancer in a three dimensional model of bone.  We demonstrated that addition of bone remodeling 
cytokines TNF-α and IL-1β were sufficient to reawaken the breast cancer cells.  These cytokines led to the 
production of prostaglandin E2, PGE2.  Indomethacin, an inhibitor of arachidonic acid pathway, or AH609 a 
receptor antagonist, prevented the break in dormancy.  One of the effects of PGE2 on cancer cells is an increase 
in focal adhesion kinase.  These were increased with TNF-α and IL-1β and reduced with indomethacin.   

We also found that the osteoblast matrix in this system could be manipulated by the amount of estrogen present 
during osteoblast differentiation.  Most women who are diagnosed with primary cancer are post-menopausal 
and thus low in estrogen. In the model system used here, osteoblasts grown with a receptor antagonist of 
estradiol (i.e. low estrogen), formed a better substrate for attachment of breast cancer cells than a substrate from 
osteoblast grown in high estrogen. Also matrix that was fixed, i. e. the osteoblasts were present but not alive, 
were a superior matrix for breast cancer attachment compared to the live matrix. 

This in vitro work with a 3D model system supports the human data which suggests that aspirin,  which also 
inhibits the arachidonic acid pathway, is worth re-examining for use in breast cancer patients who may be at 
risk for metastasis.  The results of the study with the matrix suggest that the field might re-examine a role for 
estrogen supplementation under some cases in postmenopausal women.  

If we obtain future funding, we plan to continue to characterize the matrix.  Physical methods such as atomic 
force microscopy are available.  We also plan to compare the interaction of the metastasis suppressed BRMS 
cells grown with the mouse matrix (dormancy) and with the human matrix (growth).  A comparison will permit 
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us to determine key elements important in each case. The results of the cytokine array offer some clues as which 
cancer cells grow or remain dormant.  Furthermore, they offer a glimpse into how the cells in the bone marrow 
compartment can interact. 
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Abstract Breast cancer can reoccur, often as bone

metastasis, many years if not decades after the primary

tumor has been treated. The factors that stimulate dormant

metastases to grow are not known, but bone metastases are

often associated with skeletal trauma. We used a dormancy

model of MDA-MB-231BRMS1, a metastasis-suppressed

human breast cancer cell line, co-cultured with MC3T3-E1

osteoblasts in a long term, three dimensional culture system

to test the hypothesis that bone remodeling cytokines could

stimulate dormant cells to grow. The cancer cells attached

to the matrix produced by MC3T3-E1 osteoblasts but grew

slowly or not at all until the addition of bone remodeling

cytokines, TNFa and IL-b. Stimulation of cell proliferation

by these cytokines was suppressed with indomethacin, an

inhibitor of cyclooxygenase and of prostaglandin produc-

tion, or a prostaglandin E2 (PGE2) receptor antagonist.

Addition of PGE2 directly to the cultures also stimulated

cell proliferation. MCF-7, non-metastatic breast cancer

cells, remained dormant when co-cultured with normal

human osteoblast and fibroblast growth factor. Similar to

the MDA-MB-231BRMS1 cells, MCF-7 proliferation in-

creased in response to TNFa and IL-b. These findings

suggest that changes in the bone microenvironment due to

inflammatory cytokines associated with bone repair or

excess turnover may trigger the occurrence of latent bone

metastasis.

Keywords Breast cancer � Dormancy � Three-

dimensional bioreactor � Bone metastases � Prostaglandins

Introduction

The 5 year cure rate for localized breast cancer is high, e.g.

99 % [1]. However, this figure belies the fact that breast

cancer can reoccur as metastatic disease many years and

even decades after the original treatment [2, 3]. Once re-

lapse occurs, and the cancer colonizes in distant organs, the

relative survival rate drops to 24 % [1]. One of the pre-

ferred metastatic sites for breast cancer is the skeleton. It is

estimated that 65–75 % of individuals with advanced dis-

ease harbor bone metastases [4], and that over 70 % of

patients dying from breast cancer have evidence of bone

metastases at post-mortem examination [5]. In fact, it has

been suggested that many patients have undetected dis-

seminated tumor cells (DTC) or micro-metastases at the

time of diagnosis of the primary tumor [6]. There is evi-

dence that the process of primary tumor resection may

trigger metastasis [7]. Indeed, the bone may provide a

transient niche from which metastatic cells may later seed

other secondary organs [8].

Not all DTC that lodge in secondary organs will grow.

The efficiency of metastasis is estimated to be low [9].

Dissemination alone is not sufficient to cause formation of

‘‘…overt, vascularized, clinically detectable metastases’’

[10, 11]. Cancer cells can remain dormant in secondary

organs for long periods, often years or even decades de-

pending on the tumor [2, 12]. There are reports of the

transfer of DTC to patients through organs transplanted

from individuals either not known to have cancer or

thought to be cured for many years. These occult DTC then

grew in the immunosuppressed recipient (see [2]). It is

& Andrea M. Mastro

a36@psu.edu

1 Department of Biochemistry and Molecular Biology, The

Pennsylvania State University, 428 S. Frear Laboratory,

University Park, PA 16802, USA

123

Clin Exp Metastasis (2015) 32:335–344

DOI 10.1007/s10585-015-9710-9



estimated that 30 % of breast cancer patients diagnosed at

the MO tumor-node-metastasis tumor stage already contain

DTC in their bone marrow [10]. Dormant cells apparently

survive chemotherapy, radiation and adjuvant therapy, and

may reawaken at a later time and proliferate as bone

metastases. The prediction of metastatic recurrence is poor

at best. Current estimates are based on the phenotype of the

tumor and use of circulating tumor cells (CTC) as prog-

nostic indicators [13, 14]. The numbers of these CTC as

well as their gene signatures are being used to develop

predictive algorithms. However, the results are far from

definitive [15]. Identification of the factors that either

maintain the dormant state or cause dormant cells to pro-

liferate is crucial to the development of clinical strategies

to prevent recurrence of malignancy.

There is evidence that disruption of the dormant tumor

cell niche may trigger recurrence of dormant cells many

years after primary treatment. Local trauma, wounding, or

injury may spur tumor cells to grow. Chronic inflammation

and/or immunosuppression also are important factors to be

considered in cancer recurrence (reviewed by [6]). Das Roy

et al. found an increase in lung and bone marrow metastasis

using an arthritic mouse model [16]. Recently, Yano [17]

reported the case of a woman who experienced breast

cancer relapse 24 years after mastectomy and radiation

treatment, when administered drugs for rheumatoid

arthritis. In another case, [18] a tracheostomy wound was

the site of breast cancer outgrowth for a woman 10 years

after mastectomy. In fact, it was recognized over a century

ago that the surgical process employed to remove the pri-

mary tumor might itself promote metastasis (reviewed by

[19]). There is also evidence that recombinant PTH (aa

1-34) which enhances bone turnover, also causes increased

bone metastasis in rodents and possibly in humans [20, 21].

Given this anecdotal evidence, we speculated that cy-

tokines involved in bone remodeling and repair post trauma

[22] play a role in the growth of dormant breast cancer cells

in the bone. For this study, we used a specialized three-

dimensional (3D) model of an in vitro bone mimic that

permits the growth of a multiple layer of mineralized os-

teoblast tissue from pre-osteoblasts [23]. We had observed

that a human metastatic breast cancer cell line, MDA-MB-

231 [24], grows in this chamber in a manner that mimics

metastatic breast cancer growth in bone [25]. However, a

metastasis suppressed variant, MDA-MB-231BRMS1 [26],

does not readily grow in this same bone-like environment

[27]. The BRMS1 variant shows this same property in

mice; i.e. in an experimental model of metastasis, the

BRMS1 cells are detected in the bone marrow but seldom

grow there [28, 29]. The weakly metastatic human breast

cancer cell line, MCF-7, has also been used as a model for

breast cancer cell dormancy [30]. In this model, the addi-

tion of fibroblast growth factor (FGF) to MCF-7 cells

grown on matrigel causes the cells to enter a state of

dormancy.

In the bone microenvironment, cytokines play a vital

role in bone turnover, remodeling, and repair. Transform-

ing growth factor a (TNFa), interleukin 1b (IL-1b) and

interleukin 6 (IL-6) are reported to be key signaling

molecules in the multistep process of bone remodeling

[20]. Furthermore, TNFa and IL-1b are known to stimulate

production of prostaglandin E2 (PGE2), an important in-

flammatory molecule, in numerous cell types including

osteoblasts [31, 32]. PGE2, in turn, is known to upregulate

the production and phosphorylation of focal adhesion ki-

nase (FAK) [33] which plays a key role in cell adhesion,

motility and survival.

In our current study, addition of a cocktail of bone re-

modeling cytokines to the 3D dormancy model cultures

resulted in a marked increase in proliferation of the breast

cancer cells in both culture systems. The proliferative ef-

fect was also seen with the addition of exogenous PGE2.

However, a dormant state was maintained in the presence

of the cytokines with the addition of indomethacin, a COX

inhibitor or AH6809, a PGE2 receptor antagonist. In-

creased formation of focal adhesion kinase plaques by the

cancer cells treated with bone remodeling cytokines was

also observed.

Materials and methods

Cell culture

The human metastatic breast cancer cell line, MDA-MB-231

[24] and its metastasis-suppressed variant, MDA-MB-

231BRMS1 [26] were gifts of Dr. Danny Welch, University

of Kansas Cancer Center. MDA-MB-231 cells were cultured

in DMEM (Corning Cellgro, Manassas, VA), 5 % fetal

bovine serum (PAA Laboratories, Etobicoke, Ontario), 1 %

non-essential amino acids (Corning Cellgro) and penicillin/

streptomycin (Corning Cellgro) at 100 IU/mL and 100 mg/

mL concentration, respectively. MDA-MB-231BRMS1 cells

were grown in DMEM/F12, 5 % FBS, 1 % NEAA and

penicillin/streptomycin. The cell line, MCF-7 [30], was a

gift from Dr. Robert Wieder, Rutgers University, and was

propagated in DMEM, 10 % FBS, penicillin/streptomycin.

All cancer cell lines were engineered to express green

fluorescent protein (GFP). The murine osteoblast precursor

cell line, MC3T3-E1 [34], was provided by Dr. Norman

Karin, University of Texas, and was propagated in a MEM

(Corning Cellgro), 10 % FBS and penicillin/streptomycin.

In order to differentiate the osteoblasts, 10 mM b-glyc-

erophosphate and 50 lg/mL ascorbic acid were added to the

medium. Normal human osteoblasts, NHOst, and the pro-

prietary growth and differentiation media were purchased
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from Lonza (Walkersville, MD) and grown according to

their protocol.

Osteoblast bioreactor cultures were established as pre-

viously described [23]. In brief, 10,000 cells/cm2 of either

MC3T3-E1 or NHOst were seeded in the growth chamber

of the bioreactor in the appropriate differentiation medium

containing either 10 % (MC3T3-E1) or 15 % (NHOst)

fetal bovine serum. The upper medium reservoir was filled

with differentiation medium without serum and was re-

placed every 2–3 weeks. MC3T3-E1 cultures were main-

tained for 2 months; NHOst cultures for 1 month.

Cytokine and cancer cell addition

All cytokines and neutralizing antibodies were purchased

from R&D Systems (Minneapolis, MN). PGE2 was ob-

tained from Cayman Chemical (Ann Arbor, MI). The bone

remodeling cytokine cocktail for the MC3T3-E1/BRMS1

dormancy model initially consisted of TNFa (5 ng/mL), IL-

1b (10 ng/mL), IL-6 (10 ng/mL) and PGE2 (100 nM), but

was later reduced to TNFa and IL-1b. The remodeling

cytokines for the NHOst/MCF-7 model was composed of

TNFa (5 ng/mL), IL-1b (10 ng/mL), IL-6 (10 ng/mL), IL-8

(0.5 ng/mL) and MCP-1(2 ng/mL). In addition, 10 ng/mL

basic fibroblast growth factor (bFGF) was added to the

NHOst/MCF7 cultures to establish dormancy. For neutral-

izing antibody experiments, anti-human TNFa, IL-1b, and

IL-6 were added at concentrations of 5, 20, and 0.6 lg/mL,

respectively. Cytokines and neutralizing antibodies were

added to the growth chamber only. The cyclooxygenase

inhibitor, indomethacin, purchased from Sigma-Aldrich (St.

Louis, MO), was added to both chambers of the bioreactors

at a concentration of 50 lM. The PGE2 receptor antagonist,

AH6809, was obtained from Cayman Chemical and used at

a concentration of 50 lM in both reactor chambers.

Cytokines and inhibitors were added to the bioreactor

osteoblast cultures. Approximately 15 min after their addi-

tion, the MDA-MB-231 or MDA-MB-231BRMS1 cells at a

concentration of 4000 cells/cm2 were added to the mature

murine osteoblast cultures; MCF-7 cells were added to the

NHOst cultures at a concentration of 2000 cells/cm2. The

medium in the upper reservoir was replaced with fresh dif-

ferentiation medium at the same time.

Live cell imaging

Bioreactor cultures were imaged daily for 3–4 days of the

co-culture period using the Olympus FV300 confocal mi-

croscope at a 2009 magnification. Three to six represen-

tative images were captured for each bioreactor culture at

each time point. Images were analyzed by ImageJ [35]

using area fraction quantitation methodology. Statistical

analyses were performed with GraphPad Prism 4.0 using

two-way ANOVA with Bonferroni correction.

Prostaglandin E2 assay

The level of PGE2 in the bioreactor culture supernatants

was measured by a competitive enzyme immunoassay

method (GE Healthcare, Piscataway, NJ).

Immunocytochemistry

After 3–4 days of co-culture, the bioreactors were disas-

sembled. The growth chamber membrane with attached

cells and matrix was carefully excised from the device and

rinsed once with PBS. The membrane was then fixed in

4 % paraformaldehyde (Electron Microscopy Sciences,

Hatfield, PA) and stored at 4 �C. Culture membranes were

divided into small portions for immunostaining.

The primary rabbit antibodies to Ki67 (ab927442) and

focal adhesion kinase (phospho Y397; ab4803) were pur-

chased from Abcam (Cambridge, MA). A goat anti-rabbit

IgG antibody conjugated to Alexa 568 (Life Technologies,

Grand Island, NY) was used for detection. Briefly, mem-

brane fragments were rinsed in PBS. Cells were perme-

abilized in 0.05 % triton X-100 in PBS for 15 min then

washed in PBS and blocked in PBS containing 10 % nor-

mal goat serum (NGS) for 1 h. Antibodies for Ki67 and

FAK were diluted in PBS 1 % NGS at 1:300 and 1:100,

respectively, and applied to the membranes for 2 h. After

washing the membranes three times with PBS, the sec-

ondary goat anti-rabbit IgG Alexa 568 was diluted 1:200 in

PBS 1 % NGS and applied for 1 h. Membranes were

washed 3 times in PBS and mounted on glass slides with

Fluoromount G (Southern Biotech, Birmingham, AL).

Slides were imaged using a Keyence BZ-X700 fluores-

cence microscope with 609 and 1009 lenses.

Results

Bone remodeling cytokines stimulated

the proliferation of MDA-MB-231BRMS1 cells

A cocktail of cytokines reported to be present during bone

remodeling [22, 36, 37], TNFa (5 ng/mL), IL-1b (10 ng/mL),

IL-6 (10 ng/mL) and PGE2 (100nM), was added to 2 month

old bioreactor cultures of MC3T3-E1 (Fig. 1a). Ap-

proximately 15 min later MDA-MB-231-GFP or MDA-

MB231BRMS1-GFP cells were added to the cell growth

chambers. The co-cultures were examined daily by confocal

microscopy for 4 days. As seen previously, the cells attached

to the matrix. The cytokine treatment had no obvious effect on

the growth or appearance of the 231 cells. However, the
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BRMS1 cells grew into large multicellular colonies in com-

parison to little or no growth in the absence of added cytokines

(Fig. 1). This growth pattern was similar to that observed for

untreated metastatic 231 cells.

Because TNFa, IL-1b, and IL-6 can activate the

arachidonic acid pathway leading to production of pros-

taglandins [38–40], we omitted PGE2 from the cocktail and

repeated the experiment (Fig. 1b). Over four days of cul-

ture without added cytokines, there was a small increase in

the area fraction occupied by the BRMS1 cells indicative

of slow growth over time. Addition of TNFa, IL-1b, and

IL-6 was sufficient to enhance the growth of the BRMS1

cells without the inclusion of PGE2. By day four of culture,

the cells had increased more than twofold over those with

no cytokines added. The addition of neutralizing antibodies

(Nab) to TNFa, IL-1b and IL-6 at the beginning of the co-

culture period prevented the increase in proliferation

elicited by the cytokines, at least for the first 3 days of

culture (Fig. 1b).

In order to further narrow down the list of effector cy-

tokines, we tested TNFa and IL-1b in tandem and indi-

vidually. We had previously observed that IL-6 had no effect

on BRMS1 growth (data not shown). TNFa and IL-1b alone or

together caused an increase in BRMS1 colony formation

(Fig. 1c). The increase in growth compared to cultures with-

out cytokines ranged from two to four fold.

Prostaglandin E2 was the effector molecule

Because both TNFa and IL-1b can initiate the arachidonic

acid pathway, we asked if indomethacin, an inhibitor of

COX1 and COX2, could block the growth response of

BRMS1 cells to these cytokines. In this set of experiments,

TNFa and IL-1b increased growth of BRMS1 cells in the

cultures by over sevenfold at day four when compared to

cells grown without added cytokines (Fig. 2a). The addi-

tion of 50 lM indomethacin prevented the cytokine-in-

duced increase. Indomethacin alone did not affect cell

growth (Fig. 2a). Interestingly, indomethacin also appeared

to suppress colony formation; the cells remained as single

cells or small clusters. Because PGE2 is the major down-

stream molecule produced by COX2 AH6809, an an-

tagonist to the PGE2 receptor, was employed to investigate

the role of PGE2 in the growth-promoting effects of TNFa
and IL-1b on the BRMS1 cells. AH6089 (50 lM) was

added to 3D cultures simultaneously with the cytokines

(Fig. 2b). As seen previously, cultures containing TNFa
and IL-1b contained about twice as many cells as untreated

Fig. 1 Bone remodeling cytokines increased the growth and affected

the morphology of MDA-MB-231BRMS1 breast cancer cells grown

in a 3D osteoblast culture The bone remodeling cytokine cocktail,

consisting of TNFa, IL-1b, IL-6, and PGE2, was added to a 2 month

old, 3D culture of MC3T3-E1 murine osteoblasts 15 min prior to the

addition of 105 MDA-MB231GFP or MDA-MB-231BRMS1GFP

human breast cancer cells. Live images of the co-cultures were

collected daily using confocal microscopy. Image quantitation was

performed using ImageJ; statistical analysis was performed using

GraphPad Prism. a Representative images of day 4 co-cultures of 231

or BRMS1 cells with and without the bone remodeling cytokine

cocktail (n = 3). b Images and area fraction graph of BRMS1

osteoblast co-cultures incubated with TNFa, IL-1b, and IL-6 with and

without addition of neutralizing antibodies (NAb) to the three

cytokines. Shown are representative images from days 2 and 4 of

co-culture (n = 3). c Representative day 3 images and area fraction

analysis of BRMS1 co-cultures with TNFa and/or IL-1b additions

(n = 3). Scale bar 100 microns. ***p = 0.001; **p = 0.01;

*p = 0.05 when comparing cultures with and without cytokines.
#p = 0.01 when comparing cultures with cytokines to cultures with

cytokines and NAb. n = 3
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cultures. This increase in growth was mitigated by AH6809

(Fig. 2b). As with indomethacin, AH6089 alone did not

affect the growth of the BRMS1 cells (data not shown).

These data suggested that TNFa and IL-1b stimulated

BRMS1 growth via PGE2 production. Collected bioreactor

culture supernatants were assayed for the presence of PGE2

(Table 1). We found that untreated bioreactors of MC3T3-

E1 with or without BRMS1 cells contained approximately

500 pg/mL of PGE2. Addition of TNFa and IL-1b increased

the concentration by 60–70 fold to approximately 35 ng/mL.

This increase was prevented by addition of NAb to TNFa
and IL-1b, and by indomethacin, but not by AH6809.

In order to determine if PGE2 alone was sufficient to

cause increased BRMS1 growth, 300nM PGE2 (ap-

proximately 35 ng/mL) was added directly to the BRMS1/

3D bone mimetic culture. PGE2 alone brought about a

significant increase in BRMS1 cell proliferation (Fig. 2c).

The threefold increase was similar to that seen with TNFa

Fig. 2 Indomethacin or the PGE2 receptor inhibitor AH6809 blocked

the proliferative effects of TNFa and IL-1b or PGE2 on BRMS1

breast cancer cell in a 3D osteoblast culture a TNFa, IL-1b, and

BRMS1 cells were added to the 3D cultures and imaged as previously

described. The cyclooxygenase inhibitor, indomethacin, was added at

a concentration of 50 lM to some of the cultures prior to the addition

of the cancer cells. Shown are day 2 and 4 images along with % area

fraction plotted over time. b The PGE2 receptor antagonist (50 lM),

AH6809, was added to co-cultures containing TNFa and IL-1b.

Shown are images of day 2 and 4 with area fraction analysis graph.

c Images and area fraction analysis of co-cultures containing TNFa,

IL-1b or 300 nM PGE2; AH6809 was added to some cultures. Scale

bar 100 microns. ***p = 0.001; **p = 0.01 relative to untreated

cultures. n = 3 for (a) and (b); n = 6 for (c)

Table 1 Production of PGE2 in bioreactor cultures of MDA-MB-

231BRMS1 cells with MC3T3-E1

Treatment PGE2 (pg/mL) ± SD

None 518 ± 2

TNFa, IL-1b 35,108 ± 115

TNFa, IL-1b, NAb 368 ± 171

TNFa, IL-1b, indo 379 ± 71

TNFa, IL-1b, AH6809 32,450 ± 2963

Untreated MC3T3-E1 522 ± 10
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and IL-1b (3.7 fold). The cells also formed colonies similar

to those seen in the presence of TNF-a and IL-1b. This

increase in cell proliferation, colony formation and shape

was prevented when the PGE2 receptor antagonist,

AH6809, was present in the culture mix.

In order to verify the proliferative state of the BRMS1

cells under the various conditions, immunocytochemical

detection of Ki67 was carried out on the co-cultured cells

(Fig. 3). In untreated cultures, there was a minimal (2 %)

number of BRMS1 cells with nuclear localization of Ki67

(Fig. 3a). Conversely, in cultures containing TNFa and

IL-1b (Fig. 3b) or PGE2 (Fig. 3c) Ki67 was localized in the

nucleus of 28 % and 24 % of the cells, respectively. AH6809

prevented Ki67 nuclear localization (0 %) in the presence of

TNFa and IL-1b (Fig. 3d).

Bone remodeling cytokines stimulated proliferation

of dormant cells in the MCF-7 model

MCF-7 is a human, ER?, breast cancer cell line, used to

model dormancy in the presence of fibroblast growth factor,

FGF [41]. In our 3D bone model, these cells entered a dormant

state when co-cultured with either normal human osteoblasts

(NHOst) or MC3T3-E1 with 10 ng/mL FGF (see Fig. 4b and

Fig. 3 Nuclear localization of the proliferation marker, Ki67, was

increased in co-cultured BRMS1 cells exposed to TNFa and IL-1b or

PGE2 Co-cultures were assembled and treated as described in the

‘‘methods’’ section. After 4 days, cultures were disassembled;

segments of the culture membrane were fixed and stained by

fluorescent immunocytochemistry for the presence of Ki67.

Percentage of cells positive for Ki67 nuclear staining was determined

from 50 cells per treatment group. Shown are images from a untreated

culture (2 %) and cultures treated with b TNFa and IL-1b (28 %),

c PGE2 (24 %) or d TNFa, IL-1b and PGE2 receptor inhibitor

AH6809 (0 %). Positive nuclear staining is indicated by arrows. Scale

bar 20 microns

Fig. 4 Bone remodeling cytokines (BRC) induced proliferation of

dormant MCF-7 breast cancer cells grown in a 3D osteoblast culture

Normal human osteoblasts were grown in the bioreactor for 1 month.

The weakly metastatic breast cancer cell line, MCF-7, was added to

the growth chamber along with 10 ng/mL bFGF to induce a dormant

state. a Bone remodeling cytokines TNFa, IL-1b, IL-6, IL-8, and

MCP-1 were added to the growth chamber at the concentrations

indicated. The COX inhibitor, indomethacin, and the PGE2 receptor

antagonist, AH6809, were added to some of the cultures at 50 lM

final concentration. b Live cell images were captured by confocal

microscopy; shown are representative images of day 4 cultures.

c Area fraction analysis of live cell images on day 4. Scale bar 100

microns. n = 6. ***p = 0.001; **p = 0.01 relative to treatment with

cytokines
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data not shown). A panel of human bone remodeling cytokines

(Fig. 4a) was tested in the MCF-7/NHOst system to determine

if proliferation was catalyzed as in the MC3T3-E1/BRMS

system. As predicted, the MCF-7 cells broke dormancy and

proliferated in the presence of the cytokines (Fig. 4b). While

untreated cells remained in small clumps, cells treated with

cytokines expanded into larger colonies. As seen with the

BRMS1 cells, both indomethacin and AH6809 prevented this

change in proliferation and colony formation (Fig. 4b, c).

Focal adhesion kinase plaque formation

was upregulated by TNFa/IL-b in BRMS1

dormancy model

One of the reported effects of PGE2 on cancer cells is an

increase in focal adhesion kinase (FAK) plaque formation

[33]. Therefore, we examined FAK plaque formation in

BRMS1 cells cultured on MC3T3-E1 osteoblasts in the 3D

chamber with addition of TNFa and IL-1b (Fig. 5). The

increase in plaque formation in the presence of cytokines

(Fig. 5a, center) was clearly seen when compared with

cultures with no additions (Fig. 5a, right) or with cytokines

plus indomethacin (Fig. 5a, left). Furthermore, the cy-

tokine-treated cells displayed a distinctly different mor-

phology than the untreated or indomethacin treated cells.

Quantification of the FAK plaques revealed an ap-

proximately sixfold increase in plaques in the cells treated

with TNFa and IL-1b over those without cytokines. In-

domethacin reduced plaque formation, but failed to restore

it to the untreated level (Fig. 5b).

Discussion

In summary, we have used a 3D model of a bone mimic to

investigate possible mechanisms for breast cancer cell

dormancy and recurrence in the bone. Two cancer cell

dormancy models, MDA-MB-231BRMS1 and MCF-7,

were utilized. In previous studies in mice, BRMS1 formed

primary tumors and trafficked to the bone when introduced

by intracardiac injection where they appeared to remain

dormant [29, 42]. Additionally, these cells grew poorly on

an 3D osteoblastic matrix [27]. However, addition of a set

of cytokines associated with bone repair and remodeling,

specifically TNFa and IL-1b, induced the BRMS1 cells to

proliferate. In the presence of TNFa and IL-b, the co-

cultures were discovered to produce large amounts of

PGE2. Inhibition of PGE2 production with indomethacin

or blocking its receptor reversed the cytokine effect on

BRMS1 proliferation. Addition of exogenous PGE2 also

caused the cells to break dormancy and proliferate. Similar

findings were seen with a non metastatic cell line, MCF-7

grown on human osteoblasts in the 3D culture system.

These data suggest that PGE2 is a key effector in the breast

cancer cell ‘‘dormant-to-proliferative’’ transition in the

bone microenvironment.

Prostaglandin E2, the major product of activation of

COX-2, plays an important role in normal bone physiology

as well as in cancer and bone metastasis (review [43]). In the

normal bone, PGE2 is the major prostaglandin and is a

strong stimulator of both bone resorption and bone pro-

duction. It is also elevated under conditions of inflammation

Fig. 5 Focal adhesion plaque

formation was increased in co-

cultured BRMS1 cells exposed

to TNFa and IL-1b. 3D co-

cultures of osteoblasts and

cancer cells were assembled and

treated as described in

‘‘Materials and methods’’

section. After 4 days in culture,

bioreactors were disassembled

and portions of the membrane

stained for phospho-FAK.

a Cells displaying cytoplasmic

distribution of FAK are circled;

focal adhesion plaques are

indicated by arrows. Scale bar

50 microns. b Graph of focal

adhesion plaques seen per 100

cells in three fields of view

(n = 3). **p = 0.01; *p = 0.05

relative to untreated cultures
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associated with diseases such as rheumatoid arthritis.

Moreover, high levels of COX-2 and PGE2 are indicators of

poor prognosis for breast cancer patients [44]. COX-2 is

reported to be expressed in 40 % of human invasive breast

cancers [45].

It has been known for many years that malignant breast

cancer cells produce high levels of prostaglandins [46].

Results of studies with mice have provided strong evidence

that COX-2 expression is important in bone metastasis. In

one study, it was found that breast cancer cells recovered

from metastases in the bone produced more prostaglandins

than the cell line initially injected into the mice; COX-2

overexpressing breast cancer cells enhanced bone metas-

tases; and finally, an inhibitor of COX-2 reduced the for-

mation of bone metastases [45].

Our data support the premise that BRMS1 cells remain

dormant, in part, because they do not produce COX-2 and

therefore, PGE2. In fact, Cicek et al. reported that the

BRMS1 protein inhibits activation of NF-jB and expres-

sion of COX-2 [47]. In a comparison study of MDA-MB-

231 and MDA-MB-231BRMS1 cells, they found that

BRMS1 cells showed reduced expression of both consti-

tutively produced and TNFa-induced NF-jB. Since COX-2

expression is an indicator of NF-kB activity and PGE2

production dependent on COX-2, we can infer that PGE2

likely plays a major role in the BRMS1 dormancy model.

The source of the elevated PGE2 levels seen in the biore-

actor is likely the osteoblasts rather than the cancer cells.

MC3T3-E1 cultured alone or together with BRMS1 in the

bioreactor without additional cytokines produce ap-

proximately the same levels of PGE2 (Table 1). It has been

known for some time that MC3T3-E1 produce PGE2 when

stimulated by TNFa or IL-1b [31, 32]. Although, TNFa
and IL-1b bind to different receptors, they are known

mediators of bone resorption [48]. Interestingly, it also has

been reported that MCF-7 cells do not express COX-2 [49]

which may, in part, explain their non metastatic potential.

Clinical dormancy of breast cancer is well known and

documented. However, this phenomenon is notoriously

difficult to study. From an experimental approach, dor-

mancy is often considered as cellular, angiogenic, or im-

mune related [50]. Cellular refers to mechanisms that keep

cells in a quiescent state. Angiogenic dormancy suggests

the lack of vascularization limits tumor mass. Immune

mediated dormancy implies that host immunosurveillance

normally keeps the tumor cells in check. In reality, all of

these mechanisms and others are likely involved. In this

study, we focused on cellular dormancy as dictated by the

local microenvironment.

Many environmental factors can influence metastasis

including those produced during resection of the primary

tumor [19]. Stress of various kinds can change the envi-

ronmental milieu of hormones and cytokines. Under

normal conditions, hematopoietic stem cells, HSC, reside

in the bone in a dormant state. However, it is known that

normal cell turnover as well as injury and stress can acti-

vate these cells [51]. There is evidence that metastasized

cancer cells occupy the same niche as HSC in the bone

[52]. Perhaps the metastases respond to the same stress

signals.

Focal adhesion kinase is a PTK2 protein tyrosine kinase,

encoded by the PTK2 gene. This kinase concentrates in

focal adhesions that form as cells attach to the extracellular

matrix. When FAK is reduced, breast cancer cells are less

metastatic due to decreased mobility [53]. FAK foci are

affected by integrin activation, growth factor stimulation,

and action of mitogenic neuropeptides. PGE2 has been

reported to increase focal adhesion kinase in breast cancer

[33] a phenomenon observed in this study when the

BRMS1 were treated with the bone remodeling cytokines

TNFa and IL-1b.

In the 3D model system reported in this study consisting

of MDA-MB-231BRMS1 cells co-cultured with a well

differentiated osteoblast matrix, BRMS1 behaved as dor-

mant cells; i.e. they did not proliferate. However, addition

of cytokines, TNFa and IL-1b, that stimulate production of

PGE2, led to a break in dormancy resulting in cell prolif-

eration as evidenced by nuclear localization of Ki67. Ad-

dition of PGE2 directly to the cultures had the same effect.

Moreover, inhibition of COX or the PGE2 receptor pre-

vented cell proliferation. A downstream effect of increased

PGE2 activity is a corresponding increase in focal adhesion

kinase plaque formation resulting in increased cell

spreading and matrix adhesion. Although PGE2 is required

for normal bone homeostasis, elevated levels in the bone

microenvironment may trigger dormant breast cancer cells

to proliferate. The results of this study provide a plausible

explanation for the emergence of latent metastases fol-

lowing skeletal trauma. It is under conditions such as bone

repair in which there is an osteoblast inflammatory re-

sponse, that large amounts of PGE2 are produced locally.

These findings provide evidence for dormant cells growth

following exposure to specific inflammatory cytokines that

elevate local concentrations of PGE2.

In a 2009 review, Naumov et al. [6]. discuss clinical

dormancy and possible mechanisms. They point out that

many individuals carry microscopic tumors that remain

dormant for life. A summary of autopsy studies of indi-

viduals who died of trauma indicated that as many as 39 %

of the women over 39 years of age harbored microscopic

breast cancer. Similar incidents were seen with prostate and

thyroid cancers. The authors present case studies where

trauma was linked to the rapid appearance of lymphomas

which had apparently been occult for years. As we pointed

out in the introduction, there are other case studies of in-

dividuals in which metastasis occurs many years after
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removal of the primary tumor and following trauma or

disease of the immune system (e.g. [17]). In summary,

there is compelling clinical evidence that cancer cell dor-

mancy exists and that bone trauma may trigger the prolif-

eration of the disseminated cells. However, this clinical

phenomenon is difficult to study and valid mouse models

are not presently available [54]. The 3D culture system

described herein offers an in vitro approach to begin to

dissect some of the mechanisms related to dormancy with

the possibility of creating an animal model in the future.
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In Vitro Mimics of Bone
Remodeling and the Vicious Cycle
of Cancer in Bone
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Bone remodeling is a natural process that enables growth andmaintenance of the skeleton. It involves the deposition of mineralized matrix
by osteoblasts and resorption by osteoclasts. Several cancers that metastasize to bone negatively perturb the remodeling process through
a series of interactions with osteoclasts, and osteoblasts. These interactions have been described as the “vicious cycle” of cancermetastasis
in bone. Due to the inaccessibility of the skeletal tissue, it is difficult to study this system in vivo. In contrast, standard tissue culture lacks
sufficient complexity. We have developed a specialized three-dimensional culture system that permits growth of a non-vascularized,
multiple-cell-layer of mineralized osteoblastic tissue from pre-osteoblasts. In this study, the essential properties of bone remodeling were
created in vitro by co-culturing the mineralized collagenous osteoblastic tissue with actively resorbing osteoclasts followed by reinfusion
with proliferating pre-osteoblasts. Cell–cell and cell–matrix interactions were determined by confocal microscopy as well as by assays for
cell specific cytokines and growth factors. Osteoclasts, differentiated in the presence of osteoblasts, led to degradation of the collagen-rich
extracellular matrix. Further addition of metastatic breast cancer cells to the co-culture mimicked the vicious cycle; there was a further
reduction in osteoblastic tissue thickness, an increase in osteoclastogenesis, chemotaxis of cancer cells to osteoclasts and formation of
cancer cells into large colonies. The resulting model system permits detailed study of fundamental osteobiological and osteopathological
processes in a manner that will enhance development of therapeutic interventions to skeletal diseases.
J. Cell. Physiol. 229: 453–462, 2014. � 2013 Wiley Periodicals, Inc.

Metastatic cancer in bone is effectively an incurable disease
(Woodhouse et al., 1997; Rubens, 1998; Rubens and
Mundy, 2000) that progresses with significant morbidity
related to massive bone loss or gain, bone pain, hypercalcemia,
pathological fractures, and spinal cord compression (Nielsen
et al., 1991). Approximately 25% of breast cancers metastasize,
with bone as the first site of metastasis in 46% of cases and over
70% of cases in patients with first relapse (Landis et al., 1999).
Statistics for prostate cancer and myeloma are equally
compelling (Logothetis and Lin, 2005).

Cancer, once metastasized to the skeleton, disrupts the
balance between bone formation and resorption. Ultimately,
the structural integrity of the bone is impaired either by bone
degradation due to osteoclastic activity (common in breast
cancer metastasis) or by excess bone formation due to
increased ostoblastic activity (common in prostate cancer).
Cytokines and other factors produced by both tumor and bone
cells interact through a process that has been described as a
“vicious cycle” of bone metastasis. Factors released from the
bone matrix fuel breast cancer proliferation, which leads to yet
more bone loss or production (Guise and Mundy, 1998;
Rubens and Mundy, 2000). There are currently no in vitro
models to study the bone-remodeling process, especially one
that incorporates cancer cells.

The extensiveness of the skeleton, opacity of bone, and
difficulty accessing the bone marrow cavity in the clinic
undoubtedly account for the fact that metastases and
osteolytic lesions are usually detected late in the metastatic
process. Accessibility is also a problem that hinders a full
appreciation of the cellular andmolecular mechanisms involved

in early-stage cancer colonization of bone. This problem
hampers development of therapeutic interventions. Although
excised tissue faithfully captures the end stages of bone
metastasis associated with fully developed tumors, critical
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initial stages of this process remain substantially inaccessible
(Welch, 1997). Thus, there is an urgent need for clinically
relevant experimental models suitable for the study of bone
metastases that will catalyze development of new therapeutic
interventions.

Development of in vitro bone-tissue models and bone-
remodeling mimics has proven to be a significant challenge in
the fields of bone biology and tissue engineering, partly because
of the complexity of bone and partly because of the long time
frames over which bone cells mature to carry out important
physiological functions. To create a model that can faithfully
mimic the pathophysiology of bone metastatic cancer, it is
important to maintain and recreate the characteristic 3D
architecture of the tissue under investigation. Specifically, to
study the interaction of metastatic cells with the secondary
tissue microenvironment requires a system adept in handling
not only the complexity of the host tissue but one that also
allows the study of the cancer cell interaction with the host
tissue. In vivo, cells function within the context of a highly
specialized microenvironment that is specific to the cell type
and the anatomical location. Culture of cells in vitro using
standard two-dimensional (2D) monolayer techniques limits
their physiological context and impacts cellular function. Some
major limitations of a 2D culture are the lack of structural
architecture, and the inefficient mobilization of nutrients and
removal of waste metabolites over the long term. The
fundamental requirements of a 3D model are the support of
growth and co-culture of different cell types, the efficient
exchange of cytokines and growth factors (for an autocrine and
paracrine effect), production of an extra-cellular matrix (ECM)
as necessary 3D scaffolding for mechanical stability and for
regulating cellular functions (Kim, 2005). Depending on the
type of 3D system, the culture offers rapid and meaningful
experimental manipulations and permits real-time monitoring
of cell–cell and cell–matrix interactions.With the advancement
of tissue engineering strategies, several successful 3D models
have been implemented (Griffith and Naughton, 2002;
Kim, 2005). One commonly used approach is culture of organ
explants. These whole organ or tissues retain their 3D
architecture and cellular complexity in vitro. This technique
has beenmainly used for short-term cultures of otherwise hard
to grow tissues such as brain and embryonic glands (Gahwiler
et al., 1997; Sakai et al., 2003). Nordstrand et al. (2009)
implemented amurine calvarial explant to study the interaction
of prostate cancer cell with bone microenvironment. They
used a two-compartment co-culturing system to study
prostate cancer-induced bone remodeling. The primary
concern with organ culture is that it may not permit adequate
oxygenation and allow tissue necrosis. However, studies of
tumor biology have benefited from the hypoxia setting which
mimics the nutrient and oxygen insufficiency at the tumor-host
interaction (Hicks et al., 2006). Curtin et al. (2012) utilized a
(3D) cancer-bone metastasis model composed of free-floating
live mouse calvarial bone organs in the presence of cancer cells
in a roller tube system. This system simulates the in vivo bone
tissue under defined conditions at specific bone remodeling
stages. It was possible to induce hypoxic conditions experi-
enced by both bone microenvironment and solid tumors. Even
with advancement in ex vivo culturing of cells and tissues using
the 3D models, there are limitations. Few models go beyond
culturing more than two cell types in one system. For example,
the interaction of mineralized bone cells and cancers such as
breast and prostate has been advanced using 3D scaffolds
established from cell lines, dissociated tumor cells or stem cells
(Smalley et al., 2006). Cells are typically grown in standard
tissue culture and implanted into a 3Dmatrix-scaffold either as
single cells or tissue aggregates. The scaffolds can range from
biodegradable polymers to type I collagen or matrix derived
from native extracellular matrix following decellularization.

Papadimitropoulos et al., presents a physiologically complex
3D model that encapsulates a tri-culture of osteoblasts and
osteoclasts and endothelial cells. This multi-cell culture system
was shown to form ectopic bone-like tissue with functional
osteoblasts and osteoclasts (Papadimitropoulos et al., 2011).
However, a bone-remodeling mimic requires a supplement
of fresh pre-osteoblasts providing the potential for differenti-
ation into cells necessary for the repair of bone-like tissue.
Furthermore, to study a disease process such as cancer
colonization of a secondary tissue, aforesaid designs appear to
be limited in representing a complex heterologous multicel-
lular tumormodel. Nevertheless, these efforts are a step closer
to a physiologically relevant organotypic model.

For improved understanding of breast cancer colonization
of bone, we have taken in vitro culture a step further and
overcome some of these issues. Our specialized culture
method permits the aim of this study was to determine
whether 3D mineralizing tissue derived from the co-culture of
osteoblasts with osteoclasts in a novel bioreactor would be a
relevant in vitro bone surrogate for studying the early stages of
breast cancer colonization. We show that addition of
osteolytic cancer cells upsets bone remodeling in vitro in a
manner consistent with the vicious cycle of metastatic cancer
colonization in bone.

Materials and Methods
Culture methods

Cell culture was performed in specialized bioreactors based on the
principle of simultaneous growth and dialysis implemented as
described previously (Dhurjati et al., 2006, 2008; Krishnan et al.,
2010, 2011). Briefly, the bioreactor design (Supplementary Fig. 1)
separates a cell growth compartment (5ml) and a medium
reservoir (30ml) by a dialysis membrane with a 6–8 kDa cut-off.
Cells were inoculated into the growth chamber in complete
medium including serum, and grown directly on the bottom gas-
permeable film. The reservoir was filled with basal medium
without serum. Serum constituents or macromolecules
synthesized by cells with molecular weights in excess of the dialysis
membrane cutoff (6–8 kDa) were retained and concentrated
within the growth compartment. Low molecular weight metabolic
waste products such as lactic acid continuously dialyzed out of the
growth space into the media reservoir against a concentration
gradient created by the 6:1 volume ratio and periodic refreshment
of the reservoir medium (without perturbing the growth
compartment pericellular environment). Conversely, low-
molecular weight nutrients such as hexose and amino acids
dialyzed from the reservoir into the growth space against a
concentration gradient created by the volume ratio and metabolic
demand of cells within the growth space. At the end of culture
periods, bioreactors were dismantled, and tissue formed on the
bottom film was cut into pieces for various biochemical assays.
Supernatants from both chambers were collected and stored
at �80˚C for ELISA.

Murine pre-osteoblasts (MC3T3-E1), a gift from Dr. Norman
Karin, Pacific Northwest National Laboratories, were inoculated
into the growth chamber of the bioreactor (104 cells/cm2) and
cultured with alpha minimum essential medium (a-MEM,
Mediatech, Herdon, VA), 10% neonatal FBS (Cansera, Roxdale,
Ontario), 100U/ml penicillin, 100mg/ml streptomycin (Sigma–
Aldrich, St. Louis, MO). The reservoir contained the samemedium
but without serum. Bioreactors were maintained at 37˚C in a
humidified, 5% CO2 incubator. Once the cells reached confluence,
usually 4–5 days, the medium in the growth chamber was replaced
with differentiation medium containing 50mg/ml ascorbic acid and
10mM b-glycerophosphate (Sigma–Aldrich). Basal medium within
the medium reservoir was replaced every 30 days to prevent the
accumulation of metabolic wastes. Osteoblast cultures were
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maintained for 60 days prior to the start of co-cultures and
tri-cultures.

Osteoclasts were obtained from bone marrow cells harvested
from 6 to 9 weeks old GFP (Tg(CAG-EGFP)B5 Nagy J mice and/or
dsRED mice with approval from the Penn State University
Institutional Animal Care and Use committee. Femurs were
flushed with a 26-gauge needle with a-MEM, 100U/ml penicillin,
and 100mg/ml streptomycin. Cells from two femurs were pooled
together and cultured for 24 h at 37˚C in a T-150 culture flask in
a-MEM, 10% neonatal FBS, 100U/ml penicillin, 100mg/ml
streptomycin. Pre-osteoclasts were enriched by collecting the
non-adherent cells after the 24 h incubation. These non-adherent
marrow-derived cells were inoculated at 3� 104 cells/cm2 in
medium supplemented with 50 ng/ml RANKL (gift from
AMGEN1, Thousand Oaks, CA) and 100 ng/ml M-CSF
(Peprotech, Rockyhill, NJ) into a bioreactor containing osteoblast
tissue that had been grown for 60 days. Pre-osteoclasts were
co-cultured with osteoblast tissue for 21 days.

Tri-cultures of osteogenic tissue, osteoclasts, and metastatic
breast cancer cells were created by inoculation of co-cultures with
MDA-MB-231-GFP breast cancer cells (gift fromDr. DannyWelch
from University of Kansas Cancer Center) at 103 cells/cm2. Pre-
osteoclasts were cultured on 60-day-old osteoblasts for 10 days.
Next, MDA-MB-231-GFP cells were introduced and cultured for
an additional 10 days.With the addition of osteoclasts (co-culture)
and breast cancer cells (tri-culture), the media from the top
chamber was completely refreshed once every 7 days with fresh
basal media.

Biochemical and immunochemical assays

Staining for cell morphology and collagen. Tissue
samples from the bioreactors were harvested and fixed in 4%
paraformaldehyde in PBS buffer. For visualization of cell
morphology, samples were stained for actin filaments with
AlexaFluor 568-phalloidin (Molecular Probes, Invitrogen
Corporation, Carlsbad, CA). For collagen detection, samples were
immunolabeled with an anti-collagen Type I antibody (LF 41, gift
from Dr. Larry Fisher, NIH) at a 1:100 dilution in PBS 1% goat
serum overnight at 4˚C. Goat anti-rabbit antibodies, AlexaFluor
647 (Invitrogen) at a dilution of 1:200 in PBS 1% goat serum were
used for detection. Images were collected by sequential scans using
the Olympus FV300 laser scanning confocal microscope. The Z-
sections were 3D-reconstructed using AutoQuant v9.3 software.
Tartrate resistant acid phosphatase (TRAP) staining.

Tissue samples were fixed in 4% paraformaldehyde and stained for
TRAP using the Leukocyte Acid Phosphatase Kit (Sigma–Aldrich)
following the manufacturer’s protocol.
C-telopeptide assay. Supernatants collected from

bioreactors at the end of each culture period were assayed with an
ELISA kit for C-terminal telopeptides (CTX; Immunodiagnostic
Systems, Inc., Fountain Hills, AZ).
Cytokine analysis. Supernatants collected at the end of

culture periods were assayed for KC and MIP-2 with a Milliplex 5-
plex mouse cytokine array (Millipore Corporation, Billerica, MA).
IL-6 levels were determined by standard sandwich ELISA technique
using murine-specific antibodies (R&D Systems, Minneapolis, MN).

Gene expression

Total RNA was extracted from bioreactor cultures using the
RNeasy kit (Qiagen, Valencia, CA) with on-column DNase
treatment. First strand cDNA synthesis was performed using the
Qscript cDNA kit (Quanta Biosciences, Gaithersburg, MD). The
gene expression was determined by real-time quantitative PCR
using the ABI Prism 7000 sequence detection system (Applied
Biosystems, Carlsbad, CA) and SYBRGreen (Quanta Biosciences).
Primers were designed to specifically target mouse gene
sequences (Supplementary Table 1). A standard curve was

generated for each gene transcript using fivefold serial dilutions of
cDNA prepared from either MC3T3-E1 (for osteoblast
transcripts) or mouse bone marrow cells (for osteoclast and GFP
transcripts). Relative expression levels were normalized to levels
of mouse GAPDH and derived from the standard curve for each
gene transcript. For the analysis of transcripts from cultures that
contained both mouse osteoblast and osteoclasts, the levels were
again normalized by determining the percentage of RNA derived
from the osteoblasts (which contain no GFP transcripts) and from
the mouse bone marrow cells (which express GFP). These
percentages were derived from a standard curve containing known
amounts of osteoblast andGFPmouse bonemarrow cells. Thus, all
results shown are corrected for total mouse RNA and osteoblast/
bone marrow cell content.

Statistical analyses

Data were analyzed by two-tailed paired t-test using the GraphPad
Prism Software, Inc. Reported P-values are �<0.05, ��<0.001, and
���<0.0001.

Results
Bone remodeling in vitro

MC3T3-E1, murine calvarial pre-osteoblasts, were grown for
60 days (2 months) in the bioreactor to form a 3D, collagenous
osteoblastic tissue. After fixation and staining with phalloidin,
cuboidal osteoblast cells (Fig. 1A) appeared to be enmeshed in
thick ECM composed largely of collagen (Fig. 1B,C,
Supplementary Fig. 2). The 2-month-old osteoblastic tissue was
used as the standard tissue for all co-culture and tri-culture
experiments.

In order to determine if osteoclasts could be cultured under
the same conditions, cells derived from bone marrow of GFP
mice were cultured in medium supplemented with RANKL and
M-CSF for 21 days. This procedure resulted in the formation of
multinucleated giant osteoclast-like cells (Fig. 1D). Co-culture
of non-adherent bone marrow cells on the 60 day osteoblast
tissue produced multinucleated mature TRAP positive
osteoclasts (Fig. 1E, inset) that migrated on osteoblast-derived
tissue (Fig. 1E). These osteoclasts actively digested collagenous
osteogenic tissue (compare Fig. 1C–F), and aggregated into
nest-like structures in the presence of mature osteoblasts
(Fig. 1G) reminiscent of osteoclast resorption of authentic
bone and formation of resorption pits.

We expanded this model by adding pre-osteoblasts tomimic
the bone-building phase of the remodeling process. Subsequent
infusion of this osteoblast/osteoclast co-culture with pre-
osteoblasts led to refilling of the resorbed matrix with a
confluent layer of osteoblasts over 7 days of observation
(Fig. 1H,I). There was a commensurate increase in the collagen
matrix thickness. To further characterize the extent of
resorption and rebuilding, we performed a Z-scan on the three
tissues. (Fig. 1C,F,I are 3D reconstruction of Z stacks from
tissues shown in B,G,H). When a 22mm thick osteoblast tissue
(Fig. 1C) was co-cultured with osteoclasts, there was a 1.6-fold
reduction in tissue thickness (Fig. 1F, 13.5mm) and loss of
collagen. Addition of new pre-osteoblasts brought about repair
of the osteoblast/osteoclast tissue with a final tissue thickness
of 24mm (Fig. 1I).

Gene expression patterns in an in vitro bone remodeling
unit

Gene expression profiles of characteristic osteoblast and
osteoclast proteins were consistent with osteoblastic tissue
resorption and replacement (Fig. 2). Alkaline phosphatase
expression was readily detected in cultures containing only
osteoblasts (Fig. 2A). Upon addition of osteoclasts there was a
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significant (2.5-fold) downregulation of alkaline phosphatase.
The inoculation of fresh osteoblasts did not result in a
complete recovery of alkaline phosphatase likely due to the fact
that these cells were cultured for only one additional week
(Fig. 2A). The expression of osteocalcin, a marker of osteoblast
mineralization was reduced by 2.2-fold in the presence of
osteoclasts (Fig. 2B). A recovery (twofold) of osteocalcin
expression was observed when the pre-osteoblasts were
added to the culture (Fig. 2B). This trend was also seen in the

protein levels of osteocalcin (data not shown). Type I collagen,
the major constituent of the bone extracellular matrix was
significantly reduced (12.5-fold) in the presence of osteoclasts
with a 7.5-fold reversal of the expression upon addition of fresh
osteoblasts (Fig. 2C). We did not detect any TRAP activity in
bioreactors with osteoblasts only (Fig. 2D). The osteoblast–
osteoclast co-culture had a 1.5-fold increase in the expression
of TRAP that subsequently appeared to be downregulated in
the presence of additional fresh osteoblasts (Fig. 2D). The

Fig. 1. A bone-remodeling mimic. A: MC3T3-E1 osteoblastic tissue after 60 days of continuous culture using a specialized culture method.
Shown are fluorescent, phalloidin-stained, actin fibers of osteoblasts. B: Immunostaining of type I collagen resolving fibrillar formations (blue)
surrounding dark osteoblasts. C: Confocal reconstruction of immunostained collagen (blue) reveals a 22mm thick ECM. D: A multinucleated
GFP-osteoclast with five prominent red stained (Draq 5) nuclei derived from osteoclast precursors. Osteoclasts were cultured for 3 weeks
with 60 day osteoblastic tissue. E: An actin stained osteoclast (arrow) migrating on the osteogenic tissue in the presence of osteoblasts
(arrowheads). Inset shows a TRAP positive multinucleated osteoclast on osteoblast tissue counter-stained with eosin. F: Confocal
reconstruction of GFP-osteoclasts in the presence of collagen (blue). Matrix degradation by osteoclasts resulted in a net decrease in tissue
thickness from 22 to 13.5mm. G: GFP-osteoclasts assembled into nest-like structures within blue stained ECM after 3 weeks of co-culture. H:
MC3T3-E1 pre-osteoblasts were vital stained (red) and infused into a co-culture of osteoblasts (unstained) and osteoclasts (green). They
proliferated within the ECM (blue) after 7 days. I: Confocal reconstruction showed that red osteoblasts filled regions of digested ECM, and
restored tissue thickness to 24mm. Scale bars: A, B, G, and H are 50mm. D, and E are 20mm.
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increase in TRAP expression occurred with a concomitant
decrease in osteoprotegerin, a decoy RANKL receptor (data
not shown). Thus, co-culture of osteoblastic tissue with active
osteoclasts followed by reinfusion of pre-osteoblasts mimicked
the classical steps of bone remodeling.

Addition of breast cancer cells to a bone remodeling
system in vitro

Introduction of MDA-MB-231 metastatic breast cancer cells
into the osteoblast/osteoclast co-culture created a tri-culture
consisting of the major cellular participants in the vicious cycle
of metastatic cancer in bone (Fig. 3; Parts A,B,C in Fig. 3 are
composite images of Z-stacks collected by confocal
microscopy and the lower parts D,E,F are 3D reconstruction of
the Z stacks to show the depth of the tissue). The 24mm thick,
60 day osteoblast tissue (Fig. 3A,D), was reduced to a 16.5mm
thick tissue (Fig. 3B,E) after co-culture with osteoclasts for
3 weeks. Upon addition of breast cancer cells, the final tissue
thickness was further reduced to 14.5mm (Fig. 3C,F). Confocal
3D reconstructions of differentially stained osteoclasts, breast
cancer cells, and collagen showed that breast cancer cells
penetrated the osteoblastic tissue and formed cancer-
osteoclast aggregates (Fig. 3F). To illustrate the effect of
osteoclast-breast cancer on the osteoblast tissue, a tri-culture
experiment with osteoblasts (unstained), osteoclasts (green)
and breast cancer cells (bright green/yellow) was carried out. In
the first day of tri-culture, breast cancer cells (arrows, Fig. 3G)
migrated toward osteoclasts (circle Fig. 3G), eventually

encircling foci of active osteoclasts (Fig. 3H, circle). At the end
of the tri-culture period, cancer cells were observed to
proliferate around areas of active resorption and formed a
distinct colony that comprised of cancer cells, osteoclasts and
pre-osteoclasts on the osteoblast tissue (Fig. 3I). The aggregate
of these cells together degraded the osteoblast tissue that
resulted in a resorption pit-like structure (Fig. 3I, inset).

Effect of breast cancer cells on the bone remodeling
system in vitro

Osteoclastogenesis and corresponding gene expression
profiles were consistent with the expectations of the vicious
cycle of breast cancer in bone (Fig. 4). More osteoclasts
differentiated in the presence of breast cancer cells than in the
absence of cancer cells (Fig. 4A,C). Collagen was significantly
degraded in the presence of osteoclasts compared to collagen
from osteoblast-only cultures. However, we did not observe a
change in the levels of C-telopeptide (a collagenase cleavage
fragment) in the cultures that had breast cancer cells even
though there was a 3.3-fold increase in TRAP positive
osteoclasts in these cultures (Fig. 4B). Concomitant with the
increase in the number of osteoclasts in the tri-culture
(Fig. 4A), there was a significant increase in TRAP expression in
the presence of breast cancer cells (Fig. 4C).

Osteoblast differentiation (i.e., osteocalcin expression) was
downregulated in the presence of osteoclasts and cancer cells
(Fig. 4D). In addition, collagen levels were measured by
calculating the pixel density on the Z-stack of confocal images.
There was a significant reduction in the levels of collagen
density in the presence of osteoclasts and with breast cancer
cells (Fig. 4E). However, the addition of breast cancer cells did
not lead to further reduction of collagen levels.

Inflammatory response of bone remodeling unit in the
presence of cancer cells

The murine GRO-a homologue, Keratinocyte
Chemoattractant (KC), murine IL-8 homologue, Macrophage
Inflammatory Protein-2 (MIP-2), and inflammatory cytokine
IL-6 were analyzed. The three cytokines were not detected in
cultures with osteoblasts alone (Fig. 5A,B,C, column 1). With
the introduction of osteoclasts, there was a greater than
twofold increase in both MIP-2 and KC (Fig. 5A,B, column 2).
The levels were maintained in the tri-culture containing breast
cancer cells (Fig. 5A,B, column 3). Addition of osteoclasts to
osteoblasts did not result in an IL-6 response. However,
introduction of breast cancer cells to the osteoblast–
osteoclast co-culture resulted in a significant (twofold)
increase in IL-6 levels (Fig. 5C, column B).

Discussion

Cancer metastasis is a multi-step process that starts with the
shedding of neoplastic cells from the primary tumor and ends
with formation of a secondary tumor in a host tissue (Liotta and
Hart, 1982; Gabbert, 1985; Woodhouse et al., 1997; Bischoff
et al., 2005). In the case of breast cancer, cells readily
metastasize to areas of active bone growth such as the ends of
long bones, sternum, and vertebrae (Phadke et al., 2006).
Breast cancer cells preferentially collect in the metaphysis
region lying between the epiphysis and the diaphysis (bone
shaft) through a process possibly mediated by a pattern of
lower blood flow and higher growth factor/cytokine concen-
trations. Cytokines produced by both tumor and bone cells set
up what has been described as a “vicious cycle” of bone
breakdown (Guise and Mundy, 1998) in which factors released
from the bone matrix fuel breast cancer proliferation, which
leads to yet more bone loss.

Fig. 2. Gene expression changes during bone remodeling in vitro.
Gene expression analysis was performed by real-time quantitative
PCR using the ABI Prism 7000 sequence detection system (Applied
Biosystems) and SYBR Green (Quanta Biosciences). Primers
designed for GFP were used to determine the cell type, the ratio of
osteoblasts and osteoclasts. GAPDH served as the internal control.
Relative transcript levels were calculated from the relative standard
curve generated using stock cDNA dilutions and normalized to the
internal control. Osteoblast gene expression is plotted in (A)
alkaline phosphatase, (B) osteocalcin, (C) type I collagen. Osteoclast
gene expression is plotted in (D) tartrate resistant acid
phosphatase, TRAP. Sample size, n¼ 3. Unless indicated with a bar,
statistical significances are in relation to cultures with only
osteoblasts (1). Significance was determined as �P-value< 0.05,
��P-value< 0.001, ���P-value< 0.0001. 1¼osteoblasts,
2¼osteoblastþosteoclasts, 3¼osteoblastsþosteoclastsþ fresh
osteoblasts.
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Given the complexity of the bone microenvironment, the
process of cancer cell colonization of the bone should be
studied at the organ level. However, whole-animal physiology
can obscure details of the metastatic process, especially when
the target, for example, bone, is difficult to access. (Mastro
et al., 2003).

In principle, a sub-set of the metastatic process can be
studied in vitro if themodel system under consideration retains
sufficient biological complexity to be a reasonable surrogate
for host tissue. Effective in vitro models must strike a balance
between experimental efficacy and retention of biological
complexity. Three-dimensional tissue models have become a

Fig. 3. A vicious cycle mimic. MC3T3-E1 cultured for 2 months (A,D) were co-cultured with non-adherent bone marrow cells from dsRED
mice enriched for pre-osteoclasts and supplemented with RANKL (50ng/ml) and MCSF (100ng/ml) for 3 weeks (B,E). Metastatic breast
cancer cells, MDA-MB-231-GFP, were added to the osteoblast–osteoclast co-culture to create a tri-culture system at the 10 day interval and
cultured for an additional 10 days (C,F). At the end of culture periods, tissue samples were fixed in 4% para-formaldehyde and stained for type
I collagen (blue) with an antibody as described in the methods. Stained samples were imaged with laser scanning confocal microscopy. A, B,
and C are composite images of Z-stacks. D, E, and F are 3D reconstruction of A, B, and C, respectively, to show the depth of the tissue. A,D:
Type I collagen made by 2-month-old MC3T3-E1 cultured in the bioreactor has a matrix thickness of approximately �24mm. B,E: A reduction
of collagen thickness to 16.5mm from 24mm was seen upon co-culture with osteoclasts (red). C,F: Addition of breast cancer cells (green) to
osteoblast–osteoclast (red) co-cultures resulted in the aggregation of cancer cells and osteoclasts to collectively further degrade the
osteoblast matrix. The matrix thickness was reduced to 14.5mm. Confocal reconstruction revealed that cancer cell colonies (green, arrow) in
combination with osteoclasts (red) migrated to the bottom of the osteoblastic tissue. Shown are representative images from three
bioreactors. (G) and (H) are live confocal images showing MDA-MB-231-GFP breast cancer cells’ (arrows) migration towards GFP osteoclasts
(dotted circles) in tri-cultures created by adding breast cancer cells to osteoblast–osteoclast. I: Breast cancer cells and osteoclasts
congregated in nest-like structures formed in phalloidin-stained osteoblastic tissue 10 days after addition of cancer cells to the osteoblast–
osteoclast co-culture (inset shows osteoblasts only). Scale bars for A, B, and C indicate 50mm. D, E, and F indicate 150mm. G¼ 20mm,
H¼ 50mm, and I¼ 100mm. OB, osteoblasts; OC, osteoclasts; and BC, breast cancer cells.
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focus of recent investigation for this reason (Weaver
et al., 1995; Nelson and Bissell, 2005). Surrogates for bone
tissue are, however, quite challenging to construct (Kuper-
wasser et al., 2005). Models based on excised bone (Nemeth
et al., 1999) are not only technically challenging but also difficult
to interface with modern microscopic methods of
investigation.

We implemented a specialized culture system
(Supplementary Fig. 1) that permits growth of a non-
vascularized, multiple-cell-layer osteoblastic tissue from
isolated human and murine osteoblasts (Dhurjati et al.,

2006, 2008; Krishnan et al., 2010). This approach permits
phenotypic maturation of pre-osteoblasts through successive
stages of proliferation, terminal differentiation, and minerali-
zation into osteocyte-like cells embedded in a thick collage-
nous ECM over many months of continuous culture with no
evidence of tissue necrosis. Temporal progression of

Fig. 4. Effect of breast cancer cells on the bone remodeling system
in vitro. A: Ostoclastogenesis in the presence of breast cancer cells.
Non-adherent bone marrow cells were added to bioreactors
containing 2 month osteoblasts as described in the legend to
Figure 1. To a cohort of co-cultures MDA-MB-231 cells were added.
After 3 weeks, osteoclasts were stained for TRAP enzyme and fields
picked at random were counted for TRAP positive cells containing
three or more nuclei. The counts are from two separate
bioreactors. Fifty fields of each bioreactor containing osteoblasts
and osteoclasts were counted and 20 fields of each bioreactor
containing osteoblasts, osteoclasts, and breast cancer cells were
counted. B: Culture supernatants from co-cultures and tri-cultures
were assayed for C-telopeptide (collagen breakdown product) by
ELISA. Sample sizes for osteoblasts and osteoblasts, osteoclasts and
breast cancer cells were three; sample sizes for osteoblasts and
osteoclasts were two. C,D: For all three conditions, RNA was
extracted and RT-PCR was carried out with primers specific to
mouse species. Expression levels were normalized to an internal
control of GAPDH and reported as relative gene expression to
GAPDH. C: TRAP was analyzed as osteoclast activity, and
osteocalcin (D) was analyzed as osteoblast activity. E: Collagen
degradation was assessed for the three conditions by quantifying
collagen pixel density from immunostained (for type I collagen)
cultures. Collagen pixel density was calculated using Image J (NIH)
from confocal Z-stacks that were collected from the different
culture. Error bars represent three different randomly chosen areas
from a bioreactor membrane. Similar trends were observed in two
different bioreactors. Unless indicated with a bar, statistical
significances are in relation to cultures with only osteoblasts.
Significance was determined by �P-value< 0.05, ��P-value< 0.001,
���P-value< 0.0001. 1¼osteoblasts, 2¼osteoblastþosteoclasts,
3¼osteoblastsþosteoclastsþbreast cancer cells.

Fig. 5. Inflammatory response of bone remodeling unit in the
presence of cancer cells. After MC3T3-E1 were cultured for
2 months, non-adherent bone marrow cells from dsRED mice
enriched for pre-osteoclasts were added. Cultures were
supplemented with RANKL (50 ng/ml) and MCSF (100ng/ml) for
3 weeks (osteoblasts plus osteoclasts). Metastatic breast cancer
cells, MDA-MB-231-GFP, were added to the osteoblast–osteoclast
co-culture to create a tri-culture system as described in the
methods. At the end of culture periods, supernatants were collected
and assayed by ELISA for MIP-2 (mouse homologue of human IL-8)
(A), KC (mouse homologue of human GRO-a) (B), and IL-6 (C).
Sample size, n¼ 3. Unless indicated with a bar, statistical
significance is in relation to cultures with only osteoblasts.
1¼osteoblasts, 2¼osteoblastsþosteoclasts,
3¼osteoblastsþosteoclastsþbreast cancer cells,
4¼osteoblastsþbreast cancer cells.
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phenotype markers such as osteocalcin, osteonectin, type I
collagen, MMP-13, and E1 all followed expectations of the
classical stages of bone development (Krishnan et al., 2010).

Osteoclasts were derived from mouse bone marrow by
culturing the non-adherent cells with RANKL and MCSF
supplementation. The cells fused to form multinucleated
osteoclasts (Fig. 1) that were capable of resorption when
plated on dentine slices (data not shown). The co-culture of
osteoblasts and osteoclasts is not a unique concept. Hattner
et al. (1965) pioneered this concept, and it was further
established by groups such as Suda, Vacanti, etc. (Jimi
et al., 1996; Nakagawa et al., 2004). Similarly, in our system,
extracted bone-marrow cells were enriched for pre-osteo-
clasts but were not further purified to eliminate other cell
types of bone marrow such as endothelial cells, osteoblasts,
fibroblasts, etc. This mixed population of cells simulated a
physiologically relevant system. In addition to the activation of
functional osteoclasts by osteoblasts through a cell–cell
contact (Jimi et al., 1996), the putative cytokines and growth
factors of the bone microenvironment presumably also
stimulate osteoclastogenesis.

A major advantage of the 3D culture system used in this
work is the development and maturation of a thick cell-derived
collagenous matrix. It has been shown that the interaction of
cells with reconstituted collagen layers or with Matrigel is
fundamentally different than interaction with authentic cell-
produced matrix (Sabeh et al., 2009; Lutter et al., 2010). In the
3D culture system used in this work, we observed the matrix
degradation of an osteoblast-derived ECM by osteoclasts. The
osteoclasts stained positive for TRAP and formed character-
istic actin rings.

Achieving a balance between the matrix resorption and
deposition requires the recruitment of fresh pre-osteoblasts.
In the culture system used in this study, osteoblasts had
terminally differentiated into mature osteoblasts engulfed in
mineralized matrix (Krishnan et al., 2010) and were no longer
proliferating. Therefore, we inoculated fresh pre-osteoblast
MC3T3-E1 cells to refill the resorption pits created by the
osteoclasts. To our knowledge this is the first report of an in
vitro culture system that simulates bone remodeling.

Introduction of MDA-MB-231 metastatic breast cancer cells
into the osteoblast/osteoclast co-culture created a tri-culture
system consisting of the major cellular participants in the
vicious cycle of metastatic cancer in bone. According to this
paradigm, cancer cells secrete factors such as PTHrP that
activate osteoclasts through intermediary stimulation of
osteoblasts. Osteoblasts increase production of RANKL,
which stimulates pre-osteoclasts to differentiate into mature,
multinucleated osteoclasts that actively resorb bone. As the
tissue is degraded by mature osteoclasts, various growth
factors such as TGF-b are released that further stimulate
osteoclastogenesis, thus amplifying and perpetuating a bone-
degrading spiral of events (Guise and Chirgwin, 2003).

The vicious cycle is short-circuited in the absence of any one
of the three participating cell types. Co-culture of osteoclasts
with osteoblastic tissue results in resorption of mineralized
tissue. Co-culture of metastatic breast cancer cells with
osteoblastic tissue is more complex but also leads to
destruction of mineralized tissue (Dhurjati et al., 2008;
Krishnan et al., 2011). In particular, we have observed that
breast cancer cells sequentially attach to osteoblastic tissue,
proliferate, and form cell columns that penetrate the tissue
over a 3 day co-culture interval in the absence of osteoclasts.
Cell columns further organize into rows that are strikingly
similar to the single cell files described for infiltrating lobular or
metaplastic breast carcinomas (Page et al., 1987; Friedl and
Wolf, 2003, 2008) and bone metastases (Mastro and
Vogler, 2009). Decreases in secreted osteocalcin and soluble
collagen accompanied by an increase in the inflammatory

cytokine IL-6 were all concomitant with these morphological
changes.

A different course of events was observed when the vicious
cycle was enabled by tri-culture of osteoblastic tissue with
osteoclasts and cancer cells. The migration of cancer cell to
osteoclasts, and the formation of osteoclast and breast cancer
cells into an aggregate were visual testimony of the three-way
interaction among the primary cell participants of the vicious
cycle. Mundy et al. (1981) reported that human tumor cells
migrate unidirectionally in response to collagen and collagen
derived fragments. The authors suggested that once breast
cancer cells colonize the bone marrow, they are attracted to
bone surfaces by the products of resorbing bone and
subsequently proliferate by destroying bone via osteoclast
stimulation (Yoneda et al., 1994; Body et al., 2006). We have
shown that the osteoblasts become engulfed in a thick, native,
cell-made ECM (Krishnan et al., 2010) providing a relevant
model to study the interactions of osteoclasts and breast
cancer cells. We observed a loss of type I collagen (as
evidenced by a rise in C-telopeptide) in the presence of
osteoclasts. Furthermore, addition of breast cancer cells
resulted in the migration and penetration of cancer colonies
through the layers of osteoblastic tissue to the substratum.
Even though there was a visual reduction of collagen protein,
we did not observe an increase in C-telopeptide levels in the
presence of cancer cells. We speculate that the presence of
cancer cells does not result in C-telopeptide generation but
collagen breakdown through a phagocytic pathway possibly
mediated through MT1-MMP. Aggressive breast cancer cells
such as MDA-MB-231 cells have been shown to cleave collagen
in 1

4= or 3
4= fragments through MT1-MMP activity (Lee

et al., 2007). There was a significant increase in the number of
TRAP positive osteoclasts and a subsequent increase in TRAP
gene expression in the presence of breast cancer cells
indicating that the presence of cancer cells promotes
osteoclastogenesis from pre-osteoclasts.

Studies of the cancer colonization of bone have been
primarily focused on the contribution of osteoclasts to the
vicious cycle. Consequently, the majority of drugs in clinic have
been focused on targeting the osteoclast activity as a means to
stop osteolytic lesions. Despite osteoclast inhibition, bone is
not completely repaired or regenerated in breast cancer
patients with bonemetastases, suggesting an important role for
osteoblasts in the progression of disease. There is evidence
from clinical and animal studies that bone loss in osteolytic
metastasis is partly due to the failure of the osteoblasts to
produce the osteoid for bone matrix (Stewart et al., 1982;
Sasaki et al., 1995; Mercer et al., 2004). Similarly, administration
of bisphosphonates to humans with osteolytic metastasis slows
lesion progression but does not bring about healing
(Lipton, 2000). Also, in vitro studies have shown that
metastatic breast cancer cells increase apoptosis of osteo-
blasts, suppress osteoblast differentiation and induce an
osteoblast inflammatory stress response (Mastro et al., 2004;
Mercer et al., 2004).We have previously shown that metastatic
breast cancer cells suppress the adhesion and differentiation of
osteoblasts (Mercer et al., 2004). Similarly, in the bioreactor,
the levels of osteocalcin expression were downregulated not
only in the presence of osteoclasts but also with the addition of
cancer cells demonstrating an important role for osteoblasts in
this tri-culture interaction. We have also previously reported
changes in inflammatory cytokines (MIP-2, KC, and IL-6) in
vitro and in the bone microenvironment of athymic mice
injected (intracardiac) with MDA-MB-231-GFP cells (Kinder
et al., 2008; Bussard et al., 2010; Sosnoski et al., 2012). We also
observed changes in these inflammatory cytokines in the
bioreactor. MIP-2, an IL-8 human analogue, and inflammatory
cytokine IL-6 are known to upregulate osteoclasts independent
of RANKL pathway.We observed a threefold increase inMIP-2
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with osteoclasts and the levels remained the same in the
presence of cancer cells. However, there was no increase in
levels of IL-6 with osteoclasts alone but a significant increase in
the presence of breast cancer cells. Recent evidence from Sethi
et al. (2011), suggests that the Notch ligand Jagged 1 plays an
important role in the outgrowth of breast cancer cells to bone.
They provide experimental and clinical evidence for IL-6 as the
downstream target of the Jagged1-Notch pathway. Their data
reinforce the vicious cycle model and a role for IL-6 as a pro-
proliferative marker that propagates this cycle. In multiple
myeloma, a cancer type that also targets bone as a secondary
organ, it has been shown that osteoclasts enhance the growth
and survival of multiple myeloma cells through the production
of IL-6 (Abe et al., 2004). We speculate that a similar
mechanism exists in the interaction between breast cancer
cells and osteoclasts. The production of IL-6 concomitant with
breast cancer and osteoclast cell–cell contact promotes
proliferation of cancer cells and degradation of osteoblastic
tissue. Our results provide evidence at both morphological and
gene/protein levels that breast cancer cells degrade osteo-
blastic tissue via osteoclast stimulation in a 3D in vitro system
comprised of tissue, resorbing osteoclasts, and metastatic
breast cancer cells. Although, the phenomenon of breast
cancer cell manipulation of the bone microenvironment is well
accepted, there are no in vitro models to study the basic
interactions of the three cell types.We propose a novel in vitro
model that can accommodate the key cell types of the vicious
cycle of bone metastases. Future studies will focus on
understanding the mechanism behind interaction of breast
cancer cells with the bioreactor-generated bone tissue. We
will extrapolate this model to human-derived 3D osteoblast
tissue to study interactions with other bone-metastatic
cancers (e.g., osteoblastic prostate cancer cells or osteolytic
multiple myeloma cells) to determine if human cancer
colonization of human bone microenvironment parallels
pathogenesis in vivo. The ability to directly observe and
manipulate bone remodeling processes otherwise obscured by
the inaccessibility of the marrow cavity will greatly improve
fundamental understanding of osteobiology and osteopathol-
ogies involving bone remodeling.

Although the 3D system is a highly-simplified model of the
marrow microenvironment lacking nerves, blood flow,
adipocytes, etc. that undoubtedly play an important role in
bone physiology, we contend that the combination of
osteoblastic tissue, osteoclasts, and breast cancer cells display
critical features of cancer metastases in bone. We anticipate
that the bone-remodeling and vicious cycle mimics reported in
this study will reveal subtle differences in the way various
cancers (breast, lung, myeloma, prostate) engage the vicious
cycle. These in vitro models may also resolve key differences
between lytic and blastic manifestations of cancer in bone
paving the way for accelerated development of novel
therapeutic interventions.
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