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ABSTRACT 

 
The bone microenvironment is a dynamic system in which bone is constantly being degraded and 

rebuilt.  In addition to being responsible for the building up of bone, osteoblasts also directly influence the 

bone-degrading cells, osteoclasts.  Breast cancer preferentially metastasizes to this bone 

microenvironment, thus beginning what is referred to as the “vicious cycle.”  When the cancer cells reach 

their niche, they secrete parathyroid hormone-related protein (PTHrP), which stimulates osteoblasts to 

release increased levels of receptor activator to nuclear factor κB ligand (RANKL).  This cytokine 

promotes osteoclast bone resorption activity and differentation.  As the osteoclasts continually resorb the 

bone matrix, they release embedded growth factors, such as transforming growth factor-β (TGF-β), which 

complete the cycle by promoting tumor cell proliferation. 

In addition to causing the vicious cycle, cancer cells also cause osteoblasts to undergo an 

inflammatory response, which not only inhibits their function, but also causes them to release pro-

inflammatory cytokines.  These cytokines in turn, promote osteoclastogenesis, or the differentiation and 

activation of precursor cells in the bone marrow into multinucleated, mature osteoclasts, perpetuating 

osteolysis.   

We hypothesize that the osteoblast inflammatory response occurs after breast cancer cells 

metastasize to the bone is partially responsible for enhanced levels of osteoclast activity, specifically 

through increasing the number of differentiated osteoclasts.  In this study, the importance of all three cell 

types in the cycle was emphasized by monitoring osteoclastogenesis in response to various condition 

media.  Pre-osteoclasts were exposed to condition media from osteoblasts, and breast cancer cells as well 

as combinations of their media for 21 days and then assayed for mature osteoclast markers.  The results of 

these series of experiments demonstrate that medium that includes cytokines of the osteoblastic 

inflammatory response is capable of increasing osteoclastogenesis compared to baseline values.  These 

data provide important information regarding possible intervention sites for halting the vicious cycle and 

thereby decreasing the painful osteolysis that is associated with breast cancer bone metastases. 
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INTRODUCTION 

 

Breast Cancer 

 

Cancer is the second leading cause of death in the United States, only behind 

cardiovascular disease, accounting for one in every four deaths annually
1
.  In 2008 alone, it was 

estimated that 1,437,180 new cases of cancer were reported in America
1
.  Aside from skin 

cancer, breast cancer is the most common form of cancer among women.   According to the 

American Cancer Society, one in every eight women will be diagnosed with an invasive form of 

breast cancer over her lifetime; and astoundingly, one in 35 women will develop terminal breast 

cancer
2
.  In 2009, it is expected that 192,370 cases of breast cancer will be reported and an 

estimated 40,170 deaths will occur as a result of this illness
3
. 

 Breast tissue is composed mostly of milk-producing lobular cells, ductal cells which act 

as canals to transport the milk from the lobules to the nipples, and stroma (including fat, muscle, 

connective tissue as well as blood and lymphatic vessels).  Breast cancer usually forms as an 

adenocarcenoma in the ductal cells (85% of cases), but can occasionally start in the lobules 

(15%)
4
. 

If not detected in its early stages, breast cancer often preferentially metastasizes to the 

bone
5
.  If caught early in its development, prior to metastasis, 90% of victims can be cured of 

breast cancer.  However, if the cancer metastasizes to secondary sites, the 5-year survival rate 

drops to less than 16%
6
.  In post-mortem autopsies of breast cancer related deaths, nearly 70% of 

patients had bone metastases
5
.  Men and women living with breast cancer bone metastases 

usually suffer from hypercalcemia, painful bone lesions, fractures and spinal cord compression
7
. 
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Bone Microenvironment and Metastasis 

 When a cancer leaves its primary site, it moves to neighboring tissues and enters blood or 

lymphatic vessels to easily travel to distant organs
8
.  Although breast cancer also commonly 

metastasizes to the liver and lung, it preferentially seeks the skeleton, although the exact reason 

is not fully known
9
.   

 The human skeleton is composed of two different types of bones: flat bones, like the 

skull, sternum and scapula, and long bones like the femur, tibia and radius.  Long bones have 

shafts or diaphysis running down the center of the bone and epiphyses at either end.  The shafts 

are filled with bone marrow which contains hematopoietic stem cells, as well as several other 

cells types.  The bone ends are comprised primarily of trabecular or spongy bone
10

. 

 Despite its appearance, the skeleton is a remarkably dynamic organ and is constantly 

remodeling to cope with environmental stresses.  In a healthy individual, there are three cells 

involved with the maintenance and alteration of bones: osteoclasts, osteoblasts, and osteocytes
11

.  

Osteoclasts are responsible for resorbing the type 1collagen and hydroxylapatite that compose 

bone through lysosomal enzymes and hydrogen ions
12

.  Osteoclasts are large, multinucleated 

polar cells.  On one side of the polykaryon (a cell that possesses more than one nuclei) is a ring 

comprised of the protein ostepontin, which secures the osteoclast to the bone matrix prior to bone 

resorption
13

.  Osteopontin also ensures that the degradative enzymes and hydrogen ions are 

contained within the seal and do not leak into adjacent bone.  As the bone matrix is being broken 

down, it is resorbed into the osteoclast and secreted into the stroma on the opposite side of the 

osteoclast
13

.   

In contrast to osteoclasts, osteoblasts are in charge of building new bone.  Osteoblasts are 

derived from mesenchymal stem cells, and when these precursors receive stimulation from 
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growth factors within the bone microenvironment, they differentiate into pre-osteoblasts and 

eventually mature osteoblasts
14

.  The mature osteoblasts secrete osteoid, an unmineralized 

collection of proteins that will eventually become bone when mineralized.  At this point the 

osteoblast can either undergo apoptosis or surrounded by the mineralized bone.  If the osteoblast 

remains embedded in the bone matrix, is becomes an osteocyte
15

.  The trapped cells reside in 

their own lacunae, or pits, and although they are incapable of cellular division, continue to 

secrete bone matrix
15

. 

Osteoclast Differentiation 

Osteoblasts and stromal cells are responsible for regulating the process of osteoclast 

differentiation into mature, multinucleated, bone resorbing cells.  This is referred to as 

osteoclastogenesis.  Both osteoblasts and stromal cells produce the protein receptor activator for 

nuclear factor κ B ligand (RANKL) and macrophage colony stimulating factor  (M-CSF)
16

.  

Osteoclasts are derived from hematopoietic stem cells along the macrophage lineage, 

differentiate into pre-osteoclasts, and eventually fuse into multinucleated cells capable of bone 

resorption
11

.  On their surfaces, the pre-osteoclasts express macrophage colony stimulating factor 

receptor (M-CSFR) and receptor activator for nuclear factor κ B (RANK), the receptor to 

RANKL.
17

.  M-CSF is an important cytokine in the early differentiation from the 

macrophage/monoctye lineage into the pre-osteoclast cell type, while RANKL is responsible for 

later differentiation (Figure 1)
18

.  Once the cells fuse they express a variety of markers, 

including Tartrate-Resistant Acid Phosphatase (TRAP)
19

, which can be detected with 

commercially available staining kits. 
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  Figure 1:  Activated, multinucleated osteoclasts are derived from  

  hematopoietic precursor cells.  With the addition of M-CSF to the  

  macrophage lineage cells, pre-osteoclasts are produced, and begin to  

  express different proteins, including RANK.  Cells will begin to fuse 

  into polykaryons and begin expressing osteoclast enzymes such  

as TRAP.  Osteoprotegerin (OPG), secreted by osteoblasts, can inhibit 

differentiation  of osteoclasts at any point of the multinucleation process  

past the pre-osteoclast phase. 

  Boyle, W.J., et al.  “Osteoclast differentiation and activation.”  Nature 

  432 (2003): 337-342. 

 

To inhibit osteoclastogenesis, osteoblasts can secrete the RANK  homolog, 

osteoprotegerin (OPG), which acts as a decoy receptor to RANKL.  The OPG binds to RANKL 

expressed on the surface of osteoblasts and stromal cells, as well as secreted RANKL (sRANKL) 

to effectively shut down the process of osteoclast differentiation
17

.  Furthermore, OPG can 

inhibit the bone resorbing capabilities of osteoclasts that have already matured and are 

multinucleated 
20

. 

 By using M-CSF, RANKL, and OPG, osteoblasts and stromal cells can effectively 

control osteoclast differentiation and the resulting bone resorption so that a proper balance can be 

struck between bone rebuilding and bone degradation. 

The Vicious Cycle 

 When breast cancer metastasizes to the bone, it wreaks havoc on the balance between 

osteoblast and osteoclast function.  In a model proposed by Mundy and Guise, known as the 
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“vicious cycle,” metastatic cancer cells, osteoblasts, and osteoclasts play crucial roles in a self-

perpetuating cycle of bone degradation.  Breast cancer cells secrete parathyroid hormone-related 

protein (PTHrP) which stimulates osteoblasts to upregulate their production of RANKL.  As the 

concentration of RANKL rises, more pre-osteoclasts differentiate into activated, multinucleated 

osteoclasts and resorb the bone matrix.  As the matrix is degraded, embedded growth factors 

such as transforming growth factor-β (TFG- β) are released into the extracellular space causing 

the breast cancer cells to in turn upregulate their production of PTHrP
21

.  This continual cycle 

helps account for the overactive bone resorption that is common in victims of breast cancer bone 

metastasis (Figure 2). 
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  Figure 2:  The vicious cycle involves osteoclasts, osteoblasts  

and cancer cells.  When tumor cells invade the bone micro- 

environment, they secrete a myriad of proteins, including PTHrP, 

 which act on osteoblast.  These factors cause an upregulation of 

 osteoblast-produced RANKL, which leads to higher numbers of  

activated osteoclasts.  As the osteoclasts resorb the bone matrix the  

release growth factors like TGF-β.  These growth factors increase tumor  

  proliferation and the cycle can begin anew.  In the inset, the critical 

  role osteoblasts have in the life and maturation of osteoclasts is displayed. 

  M-CSF and RANKL secreted by the osteoblast (in green) help move 

  The pre-cursor osteoclast through its differentiation process into an  

  activated, multinucleated cell capable of bone resorption.   

OPG acts as decoy receptor to RANKL and inhibits osteoclastogenesis. 

Virk, M.S. and Liberman, J.R. “Tumor metastasis to the bone.”  Arthritis 

Research Therapy.  9 (5). 

 
 
 

The Inflammatory Response 

 In addition to causing osteoblasts to upregulate their production of RANKL, cancer cells 

also induce osteoblasts to undergo an inflammatory response
22

.  In response to 50% breast cancer 

condition media, Bussard showed using the Bio-Rad Bio-Plex®Murine Cytokine Assay that 

murine osteoblasts upregulate their production of several pro-inflammatory cytokines 
23

.  

Specifically, macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived chemokine 



 

7 

 

(KC), vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), and monocyte 

chemotactic protein-1 (MCP-1) were all shown to be increased after of osteoblast exposure to 

breast cancer condition media
23

. 

 A variety of studies have shown that most of these inflammatory cytokines are capable of 

inducing osteoclastogenesis, or at least play a role in the process.  IL-6 has been shown to induce 

osteoclastogenesis when added with soluble IL-6 receptor
24

.  VEGF receptor (VEGFR) is 

expressed on the surface of pre-osteoclasts; and when VEGF is paired with RANKL in vitro, it 

can induce osteoclastogenesis in peripheral blood monocytes similarly to M-CSF and RANKL.  

This finding suggests that VEGF might have a role in the early phases of osteoclast 

differentiation and can even substitute for M-CSF in vitro
25

.  MCP-1has been shown to not only 

act as a chemoattractant for bone marrow macrophages
26

, but also can stimulate the production 

of mature osteoclast markers.  In RANKL-deficient systems, MCP-1 was found to produce 

TRAP-positive, calcitonin receptor-positive (another mature osteoclast marker) multinucleated 

cells that appeared to look like activated osteoclasts.  However, these cells were not capable of 

bone resorption
27

.  

 While the degree to which these cytokines stimulate osteoclastogenesis is still unknown, 

due to their upregulation during an osteoblastic inflammatory response, their role in the process 

of osteoclastogenesis cannot be dismissed.   

 

Hypothesis and Statement of Experimental Goals 

 We hypothesize that as a consequence of bone metastatic breast cancer, osteoblasts will 

increase osteoclastogenesis due to the release of osteoclastogenic cytokines during the 
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inflammatory response.  This swelling of mature osteoclasts will in turn degrade more bone, and 

thus perpetuate the vicious cycle.  In this study, media containing the inflammatory cytokines 

that osteoblasts release in response to breast cancer cell invasion was added to murine bone 

marrow cells.  The degree to which this media can induce osteoclastogenesis was quantified and 

compared to other types of media.   

 The following experiments were performed to accomplish three specific aims: 1) prove 

the interconnectedness of all 3 cell types involved in the vicious cycle and emphasize that 

osteoblasts act as the primary mediators between pre-osteoclasts and activated osteoclasts; 2) 

observe the effects of inflammatory response media on osteoblast proliferation and determine if 

any correlation exists between the number of osteoblasts and the resulting number of osteoclasts  

and; 3) prove that the inflammatory cytokines acts in a synergistic manner in osteoclastogenesis, 

and not just in an additive fashion. 
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MATERIALS AND METHODS 

 

Osteoblast and Breast Cancer Cell Culture 

 MC3T3-E1, an immature murine osteoblast line are capable of differentiation and bone 

mineralization were a gift from Dr. Norman Karin (university of Delaware)
28

.  The immature 

osteoblasts were grown on T-150 tissue culture flasks in growth media containing α-Minimum 

Essential Media (α-MEM), 10% fetal bovine serum (FBS) and penicillin 100 U/ml/streptomycin 

100 µg/ml  (1% Pen-Strep solution) until reaching confluency.  At this point they were grown in 

osteoblast differentiation media (α-MEM, 10% FBS, 1% Pen-Strep Solution, 50 µg/ml ascorbic 

acid, and 10 mMβ-glycerophosphate) for 10 days, unless specified otherwise.  MDA-MB-231are 

human metastatic breast cancer cells that preferentially metastasize to bone, causing bone 

lesions
29

.  The cancer cells were cultured on aT-150 tissue culture flasks in α-MEM, 10% fetal 

bovine serum (FBS) and 1% Penicillin-Streptomycin (Pen-Strep) solution.  Both cell types were 

incubated at 37°C and 5% CO2, and received media changes every other day.   

 

Condition Media Preparation 

Vehicle and RANKL/M-CSF Medium 

1% Pen-Strep solution was mixed with 10% FBS in α-MEM to prepare vehicle medium (VM).  

The RANKL/M-CSF Medium was prepared in the same fashion, but with the addition of murine 

recombinant sRANKL ( 50 or 100 ng/ml, PeproTech Inc.) and M-CSF (50 ng/ml, PeproTech 

Inc.) to the VM.   
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Breast Cancer Condition Medium (BCCM) 

MDA-MB-231 human breast cancer cells were allowed to grow to confluency on a T-150 tissue 

culture flask.  The medium was decanted and replaced with α-MEM for 24 hours.  After this 

period, the supernatant was collected and centrifuged at 300X g. for 10 minutes.  10% FBS was 

added and the solution was frozen 0°C until later experimentation. 

 

Osteoblast Condition Medium (OBCM) 

Murine MC3T3-E1’s were plated on a T-150 tissue culture flask.  After ten days of culture in 

differentiation media, the supernatant was aspirated and 20 ml α-MEM was added.  The 

osteoblasts were incubated for an additional 24 hours at 37°C and 5% CO2.  The supernatant was 

then decanted, and centrifuged for 10 minutes at 300X g.  10% FBS was added to supplement the 

medium after the initial incubation.   

  

Osteoblast Breast Cancer Condition Medium (OB-BCCM) 

After 10 days of culture in differentiation media, 50% BCCM, 40% α-MEM, and 10% FBS was 

added to the tissue culture flasks and the cells were incubated for 24 hours.  The supernatant was 

collected, and centrifuged.  Due to the prior addition of FBS, no supplementation was required 

after the medium was collected. 

 

Osteoblast-Osteoblast Condition Medium (OB-OBCM) 

After 10 days of growth in differentiation media, 50% OBCM, 40% α-MEM, and 10% FBS were 

added to the osteoblasts.  The flask was incubated at 37°C and 5% CO2 for 24 after which time, 
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the supernatant was decanted and centrifuged.  Like OB-BCCM, this media did not require any 

further addition of FBS. 

 

Co-culture Medium  

After MC3T3-E1’s had differentiated for 10 days, the cells were counted.  MDA-MB-231 breast 

cancer cells, grown as previously described, were then counted as well and the two cell types 

were co-cultured in a T-150 tissue culture flask at a ratio of 1:10 (MC3T3-E1:MDA-MB-231) in 

VM.  The cells were then incubated for 48 hours.  Afterwards, the supernatant was decanted and 

centrifuged to remove any remaining cells.    

 

OBCM + BCCM 

Standard OBCM and BCCM were mixed together without plating the supernatants on MC3T3-

E1’s, prior to culture with bone marrow cells.  This was done to compare OB-BCCM, which was 

generated by exposing the MC3T3-E1’s to BCCM, thereby simulating the supposed synergistic 

effects of breast cancer bone metastasis on osteoclastogenesis.  OBCM + BCCM was generated 

de novo, and therefore was absent of any additional osteoblast inflammatory response cytokines.  

Table 1 lists the media used in the following experiments and summarizes their compositions. 
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TABLE 1: Summary of Media Preparation 

Media Type Composition 

VM 10%FBS, 1% Pen-Strep in  α-MEM 

RANKl/M-CSF Prepared identically to VM with the addition of recombinant sRANKL (50 

or 100 ng/ml) and M-CSF (50 ng/ml) 

BCCM MDA-MB-231 human cancer cells were grown to confluency.  The media 

was replaced with α-MEM and the cells were incubated for 24  

OBCM MC3T3-E1 murine osteoblasts were grown to confluency and then exposed 

to osteoblast differentiation media for 10 days.  α-MEM then replaced the 

differentiation media for 24 hours.   

OB-BCCM Differentiated osteoblasts were exposed to 50% BCCM, 50%VM for 24 

hours.  This medium contains the inflammatory response cytokines 

osteoblasts undergo in response to breast cancer bone metastasis 

OB-OBCM  Differentiated osteoblasts were exposed to 50%OBCM and 50% VM for 24 

hours. 

Co-Culture After 10 days of growth in differentiation media, osteoblasts were grown 

with cancer cells at a 1:10 ratio in VM.  After 48 hours, the media was 

collected. 

OBCM + BCCM OBCM and BCCM supplemented with 10%FBS were added individually 

without being placed on MC3T3-E1 osteoblasts together.   

 

Bone Marrow and Pre-Osteoclast Isolation 

Mice of both genders were collected and euthanized using  CO2.  The mice were 

immediately dipped in Wescodyne to decontaminate the fur.  The left and right legs of the mice 

were removed, and as much fat and muscle was removed with dissection scissors or scapulas.  

The femurs and tibias were separated from one another and placed in α-MEM until later 

experimentation.  The fibulas were removed entirely and disposed of. 

In a sterile hood, the bone ends were removed with dissection scissors and the remaining 

shaft was placed a 1% Pen-Strep, α-MEM solution.  Fresh 1% Pen-Strep, α-MEM solution was 

aspirated in a sterile 26.5 gauge syringe and then used to flush out the marrow within the shafts 

into a collecting dish containing 1% Pen-Strep, 10% FBS and α-MEM. 

To isolate bone marrow cells, the flushed marrow solution was plated in duplicate on 6-

well plates (2 ml per well) at a cell density of 30,000 cells/cm
2
 and incubated for 7 days at 37 °C 
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and 5% CO2 to allow for cell adherence. The media was carefully changed every other day, so as 

not to remove too many cells during aspiration.   

To isolate non-adherent pre-osteoclasts, the bone marrow was flushed from the shafts and 

collected as described.  The entire solution was cultured on a T-150 tissue culture flask and 

incubated at 37°C and 5% CO2 in VM for 24 hours.  The supernatant, containing non-adherent 

cells (bone marrow macrophages/monocytes, or pre-osteoclasts) was then decanted and the cells 

were centrifuged for 10 minutes at 300X g.  The VM was aspirated and the cells were 

resuspended in 1 ml of 1X red blood cell lysis buffer (eBioscience Cat. No. 00-4333).  The 

solution was allowed to sit on ice for 5 minutes.  Five ml of sterile 1X PBS were added to stop 

the lysis process and the solution was again centrifuged for 12 minutes at 300X g.  The 

supernatant was decanted and the cells were finally resuspended in VM.  The cells were then 

plated in 24-well plates at a density of 45,000 cells/cm
2
. 

 

Osteoclastogenesis in Response to Condition Media  

  After the whole bone marrow isolates had been allowed to adhere for 7 days, 1 ml of 

VM was removed from each well, and 1ml condition media was added accordingly.  This was 

done so as not to “shock” the cells too much with new condition media.    The cells were then 

cultured for a total of 21 days, with biweekly medium changes. 

For pre-osteoclasts, each well (except VM) was supplemented with 100 ng/ml M-CSF 

and 50 ng/ml sRANKL and incubated for 48 hours to promote cell adhesion.  This procedure 

was done because the usual sources of the osteoclastogenic factors, osteoblasts and fibroblasts, 

were removed from the cell culture.  Therefore, the cytokines had to be added de novo.  After the 

48 hour incubation, half (0.5 ml) of the suspension media was removed and condition media was 



 

14 

 

added.  An additional 100 ng/ml M-CSF and 50 ng/ml sRANKL were added to all media types 

except VM.  The cells were then incubated for 48 hours at 37°C, and 5% CO2.    After the initial 

4 days of culture, 100 ng/ml RANKL and 50 ng/ml M-CSF were added to the wells, under the 

pretext that by this stage, many cells would require less M-CSF in the osteoclast differentiation 

process.   

Media changes and sRANKL and M-CSF supplements were performed biweekly for 21 

days.  After two weeks of culture, M-CSF was no longer used.  We reasoned that after such time, 

any precursor osteoclasts had already committed to the osteoclast lineage, and would only 

require RANKL to become multinucleated and mature osteoclasts.  

 

TRAP Staining and Measurements 

Medium was aspirated from the cells, and they were fixed in 10% formalin in water.  

Sigma-Aldrich TRAP stain solution (Kit 387A) was then prepared according to the 

manufacturer’s instructions and added to the wells for 1 hour at 37°C in the dark.  TRAP stain 

was removed and the cells were thoroughly washed with distilled water and allowed to air-dry 

overnight.   

A square of the largest possible area was drawn on the bottom of each circular well to 

demark the countable area (6.45 cm
2 

for 6-well plates and 2.56 cm
2
 for 24-well plates) .  Using a 

light microscope at 200X magnification, TRAP-positive, multinucleated (>3 nuclei) were then 

counted for every well, and the numbers for each condition media type were averaged over 

duplicate wells. 
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Alkaline Phosphatase Staining and Measurements 

 To examine osteoblast numbers, alkaline phosphatase staining was performed (Alk. 

Phos.).  Media was aspirated from the wells and the cells were rinsed with 1X PBS.  Cells were 

then fixed with 10% formalin for 10 minutes at room temperature.  The cells were again washed 

thoroughly with 1X PBS.  Alk. Phos. stain (0.0013 g Napthol, 6.25 ml distilled water, 6.25 ml 

0.2 M Tris, pH 8.5, 0.0075 g Fast Blue RR salt) was then added to the cells and the plates were 

incubated at 37°C for 30 minutes.  The stain was removed and the cells were rinsed with distilled 

water.  The wells were allowed to air dry overnight. 

After drying, visible Alk. Phos.-positive colonies were counted with the naked eye and 

marked so as to prevent possible double-counting.  The values for each duplicate media type 

were then averaged.   
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RESULTS 

 

Experiment 1: Osteoclastogenesis in Response to Conditioned Media 

In order to determine the effects of conditioned media on osteoclastogenesis, whole bone 

marrow isolates from 6-week old C57/BL6 mice were plated and exposed to various 

supernatants.  After 7 days of growth in VM, a variety of supernatant media was added to cells 

and cultured for 21 days.  These supernatants included media collected from MDA-MB-231 

breast cancer cells (BCCM), a co-culture of MC3T3-E1 osteoblasts and cancer cells (Co-

culture), osteoblasts grown in 50% breast cancer media (OB-BCCM), and osteoblasts grown in 

50% osteoblast condition media (OB-OBCM).  All supernatant media were diluted in 50% VM.  

sRANKL (50 ng/ml) and M-CSF (50 ng/ml) were also tested as known inducers of 

osteoclastogenesis.  Because the bone marrow isolates included pre-osteoclasts, stromal cells, 

and osteoblasts, osteoclastogenesis could potentially occur in vitro, without cytokine 

supplementation.  VM was used to simulate this “baseline” value of osteoclast differentiation.    

All media types except BCCM notably increased osteoclast differentiation when 

compared to the VM baseline, with OB-OBCM having the greatest effect.  BCCM at 50% 

appeared to negatively affect osteoclastogenesis (Table 2, Figure3).  Co-culture media and OB-

BCCM produced a somewhat similar number of multinucleated, TRAP-positive osteoclasts.  

RANKL/M-CSF also induced a larger amount of osteoclastogenesis as compared to the baseline, 

which is reasonable given that these two cytokines are normally produced by stromal cells and 

osteoblasts and are required for osteoclastogensis.  OB-OBCM more than doubled the number of 

mature, TRAP-positive osteoclasts when compared to VM baseline values (Figure 4).   
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TABLE 2: Osteoclastogenesis in Response to Condition Media 

 VM BCCM M-CSF/RANKL OB-BCCM OB-OBCM Co-Culture 

1st Well 94 12 164 98 249 116 

2nd Well 83 20 118 117 198 118 

Average 88.5 16 141 107.5 223.5 117 

Bone marrow cells from murine tibias and femurs were isolated and plated in 6-well plates.  

After the cells were plated in VM for one week, they were cultured in various types of condition 

media for three weeks.  Co-culture media, OB-OBCM, OB-BCCM, and BCCM were all diluted 

to 50% in VM.  The cells were then fixed and mature osteoclasts were detected with TRAP stain 

solution.  TRAP-positive, multinucleated (>3 nuclei) were counted over a given area (6.45 cm
2
) 

of each well, and the values were averaged. 

 

 

 

 

 
  Figure 3: Fold increase of osteoclastogenesis compared to baseline.  

TRAP-positive, multinucleated cells were counted for each media type  

and averaged over duplicate plates.  Shown are the fold increases of the  

median values for each conditioned media compared to the average number 

of osteoclasts induced by the VM baseline.  OB-OBCMgave the largest 

 increase of osteoclastogenesis, while BCCM had significantly lower  numbers 

 of osteoclasts per well.  (n=2, so no meaningful statistical analysis  could 

be performed). 
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   A 

 
B 

 
   C 

 
  Figure 4:  A visualization of TRAP positive cells with various  

condition media.  Clusters of TRAP + cells visible from the naked  

eye appear purple/fuschia.  A) Vehicle Media (89% α-MEM, 1%  

Pen-Strep, 10% FBS) acted as an baseline control.  B) OB-OBCM induced 

noticeably  higher levels (2.5X) of osteoclastogenesis compared to VM.   

C)  However, 50% BCCM and 50% VM actually decreased the number  

of osteoclasts per well.  Shown are 6.45cm
2
 areas in 6-well plates where  

scale bars represent 3.38 cm. 



 

19 

 

Experiment 2:  Effects of Condition Media on Osteoblasts and Osteoclasts 

 

Whole bone marrow isolates from green fluorescent protein (GFP) Balb/Cmice of an 

estimated age of 6 months were cultured in 6-well plates and allowed to grow for 7 days in VM.  

Cells were then exposed to OBCM, OB-OBCM, or OB-BCCM diluted with 50% VM for 3 

weeks.  The cells were then fixed and stained separately for osteoblast and osteoclast markers.   

All three supernatants taken from MC3T3-E1 osteoblasts increased the number of Alk. 

Phos.-positive colonies compared to the VM baseline (Table 3).  OB-OBCM was the most 

effective inducer of osteoblast colony formation, more than doubling the amount of countable 

colonies Interestingly, OB-BCCM was found to be more effective than OBCM alone in 

osteoblast proliferation (Figures 5 and 6).   

On separate plates, TRAP staining was performed on bone marrow isolates exposed to 

the same condition media.  Again, all three supernatants proved to be more successful in 

osteoclast differentiation than VM alone (Table 4).  Contrary to expected results, OBCM 

generated the largest number of TRAP-positive, multinucleated osteoclasts, nearly tripling the 

baseline values.  OB-BCCM was the least effective supernatant in osteoclastogenesis induction, 

although still produced more than twice the number of mature osteoclasts as VM (Figure 7).  In 

experiment 2, even under identical growth conditions, OB-BCCM and OB-OBCM produced 

much fewer TRAP-positive osteoclasts than in Experiment 1.  This may likely be attributed to 

the age of the mice used in the experiment.  The mice in Experiment 2 most likely had less 

osteoblasts and pre-osteoclasts in the marrow than in younger growing mice.   
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TABLE 3: Osteoblast Proliferation in Response to Condition Media 

 VM OBCM OB-BCCM OB-OBCM 

1st Well 27 39 44 63 

2nd Well 33 38 47 58 

Average 30 38.5 45.5 60.5 

Bone marrow cells were extracted from Balb/C mice of approximately 6-month old mice.  After 

cells were allowed to adhere to the well bottoms for 7 days, condition media was added a and 

changed biweekly for an additional 2 weeks.  All three supernatants were diluted to 50% with 

VM.  Alk. Phos. staining was then performed and the number of Alk. Phos.-postive colonies 

were counted over an area of 6.45 cm
2
 with the naked eye. 

 

 

 

 

  

  Figure 5: Condition Media increased the number of Alk. Phos.  

colonies compared to VM alone.  Alk. Phos.-positive colonies were  

counted and averaged over duplicate plates.  The median values were  

then compared to the VM baseline to assess the fold increase of Alk.  

Phos.-positive colonies generated by each conditioned media.  OB-OBCM 

 had the greatest effect on the number of osteoblasts, doubling the value of  

the VM baseline value.  OB-BCCM produced 1.5X’s the number of Alk. 

 Phos.-positive colonies as compared to VM and more than OBCM alone. 

(n=2, so no meaningful statistical analysis  could be performed). 
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  Figure 6:  A visual representation of increased osteoblast  

proliferation when exposed to condition media.  Colonies that  

tested positive for Alk. Phos. (purple) were counted with the naked 

 eye and marked with a green marker to prevent double counting.   

A) VM produced the lowest number of osteoblast colonies per well  

(average of 30).  B) OBCM increased the number of colonies by  

1.25X’s, while C) OB-BCCM induced Alk. Phos.-positive osteoblast  

colony formation by 1.5X.  D)  OB-OBCM had the greatest effect.   

Scale bars represent 33.8 mm.  See Table 3  for data values of each 

conditioned medium   
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TABLE 4: The Effect of Conditioned Media’s Effects on Osteoclastogenesis 

 VM OBCM OB-BCCM OB-OBCM 

1st Well 30 77 64 84 

2nd Well 34 93 70 79 

Average 32 85 67 81.5 

Bone marrow cells were extracted from Balb/C mice of an unknown age and cultured in 6-well 

plates.  Cells were allowed to settle for 7 days, after which condition media was added 

accordingly.   As was done for the osteoblast portion of this experiment, OBCM, OB-BCCM and 

OB-OBCM were diluted with 50% VM.  After 3 weeks, the cells were fixed and stained for 

TRAP activity.  Multinucleated TRAP-positive cells were counted and averaged over duplicate 

plates. 

 

 

 

 

 
  Figure 7:  Condition media increased osetoclastogenesis compared  

  The baseline VM.  After 3 weeks of culture, TRAP staining was  

performed and multinucelated osteoclasts expressing TRAP were counted. 

All three condition media types induced osteoclastogenesis at greater 

levels than VM alone.  (n=2, so no meaningful statistical analysis  could 

be performed). 
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Experiment 3:  Pre-osteoclast Differentiation  

 To determine the effects of condition media on osteoclast formation without the presence  

of osteoblasts and other cell types that reside in the bone marrow, only non-adherent pre-

osteoclasts, isolated from Tg(CAG-EGFP)B5 Nagy/J GFP mice were cultured and exposed to 

condition media.  Because the cells normally responsible for producing RANKL and M-CSF 

were absent in this experiment, 100 ng/ml M-CSF and 50 ng/ml RANKL were added for the first 

4 days of culture to all media types except VM.  After this period, 100 ng/ml RANKL and 50 

ng/ml M-CSF were added until the cells had been growing for a total of 2 weeks, at which point 

only 100 ng/ml RANKL was added at each media change.  OBCM, OB-OBCM and OB-BCCM 

were added at 100% in this experiment, and not diluted with VM as in Experiments 1 and 2.  A 

titration of BCCM was also performed to observe the level of osteoclastogensesis at varying 

concentrations of the media.  Finally, an OBCM + BCCM mixture was given to pre-osteoclasts 

to determine if the synergestic effects OB-BCCM were caused by the inflammatory response 

generated when cancer cell media was cultured with the MC3T3-E1’s or if the two media types 

were simply inducing osteoclast formation in an additive manner. Cells were incubated at 37°C, 

and 5% CO2 for 3 weeks and were then fixed in 10% formalin and stained for TRAP activity.  

The confluency at the time of staining was also noted and averaged over triplicate plates.  Table 

5 displays the composition of each media type tested in this experiment. 

 Interestingly, although VM did not receive any supplements of sRANKL or M-CSF, it 

was capable of inducing osteoclastogenesis in non-adherent cells (Table 6).  This was possibly 

due to osteoclastogenic factors in the serum used throughout the experiment, or possibly 

remaining osteoclastogenesis-inducing cells (stromal cells or osteoblasts) that were present with 

the non-adherent cells at the time of plating.  RANKL and M-CSF  media produced very few 
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TRAP-positive osteoclastogenesis, indicating possible experimental error, since the combination 

of cytokines has been proven to induce osteoclastogenesis in murine pre-osteoclast cells
30

.  Each 

supernatant generated more osteoclasts per well than VM alone, with OBCM being the most 

successful, although the consistency of the data over the triplicate wells was poor.  At 12.5%, 

BCCM was the least effective inducer of osteoclastogenesis.  However, when the concentration 

was doubled it produced the second largest number of mature osteoclasts.  OBCM 87.5% + 

BCCM 12.5% generated fewer osteoclasts than VM or RANKL and M-CSF supplementation, 

and was nearly half as successful as the OB-BCCM supernatant, intended to represent the 

inflammatory response osteoblasts undergo when breast cancer cells metastasize to the bone 

(Table 6).    

 Conlfuency was most decreased in the 25% BCCM wells, while not affected at all at 

12.5% BCCM.  A 10-15% reduction in confluency was also noted for the OBCM 87.5% + 

BCCM 12.5% when compared to OB-BCCM, OB-OBCM, and OBCM (Table 6). 

 A phenomenon of “giant” osteoclasts was also observed in some condition media types.  

These enormous multinucleated osteoclasts were composed of 20 or more nuclei and usually 

took up almost the entire field of vision at 200X magnification.  OBCM, and 25% BCCM, were 

the only media types that generated the “giant” osteoclasts (Figure 8).  It was noted that these 

polykaryons tended to grow near one another in clusters, and were never discovered alone (that 

is, they were always found in regions of greater cell density). 
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TABLE 5: Composition of Media Added to Pre-osteoclasts 

Media Type VM OBCM BCCM 

VM 100% - - 

RANKL/M-CSF Media 100% - - 

OB-BCCM 50% (on OB’s) - 50% 

OB-OBCM 50% (on OB’s) 50% - 

OBCM - 100% - 

OBCM + 12.5% BCCM - 87.5% 12.5% 

25% BCCM 75% 25% - 

12.5% BCCM 87.5% 12.5% - 

VM (89% α-MEM, 10% FBS, 1% Pen-Strep) was initially created as a negative control, but due 

to stray RANKL/M-CSF producing cells present in the isolated non-adherent cells or possibly 

due to osteoclastogenic factors present in the serum, pre-osteoclasts were able to differentiate 

into osteoclasts even without supplemental RANKL and M-CSF.  OB-OBCM was prepared by 

adding 50% OBCM and 50% VM to confluent and mature MC3T3-E1 murine osteoblasts for 24 

hours.  OB-BCCM was prepared in the same fashion , but 50% BCCM was used in place of 

OBCM.  OBCM + 12.5% BCCM was made by mixing OBCM and BCCM de novo without 

exposing the media to the murine osteoblasts.  12.5% and 25% were diluted and VM.  All media 

types except VM were supplemented with RANKL (50 ng/ml for the first 4 days of culture and 

then 100 ng/ml throughout the rest of the experiment) and M-CSF (100 ng/ml for the first 4 days, 

50 ng/ml for the following 10 days, and then 0 ng/ml until the cells were fixed and stained).  
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TABLE 6: Effects of Condition Media on Pre-osteoclast Cells   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As in Experiments 1 and 2, TRAP-positive, multinucleated were counted over a marked off area for each media  

type and averaged over triplicate wells.  Contrary to prior assumptions, cells cultured in VM were able to  

undergo osteoclasto-genesis.  RANKL/M-CSF media was not able to generate osteoclasts as successfully 

as VM, suggesting the possibility of experimental error.  At a concentration of 12.5%, BCCM was even less 

 successful than RANKL/M-CSF media.  When this was doubled however, twice as many osteoclasts were 

 produced compared to VM.  100% OB-BCCM induced a greater degree of osteoclastogenesis compared to 

 OBCM + 12.5% BCCM, highlighting the importance of the inflammatory response in the vicious cycle.  On  

average,100% OBCM generated the largest number of osteoclasts, but the data over three wells was sporadic 

 and not closely grouped.  (n=3.  The data were analyzed by one-way ANOVA.  The only treatment shown to be  

statistically significant (p < 0.05) was 12.5% BCCM compared with 100% OBCM).

  
 

VM  

 
 

RANKL/ 
M-CSF 
Media 

 
 

12.5% 
BCCM  

 
 

25% 
BCCM  

 
 

100% 
OBCM  

 
 

100% 
OB-

OBCM  

 
 

100% 
OB-

BCCM  

 
 

OBCM + 
12.5% 
BCCM  

1
st

 Well  43  72  17  92  134  75  63  26  

2
nd

 Well  73  12  37  111  201  66  82  44  

3
rd

 Well 34  12  26  106  44  63  74  53  

Avg. TRAP+ 
Cells  

50.0 ± 
16.7  

32.0  ± 
26.7 

26.7  ± 
6.90 

103  ± 
7.33 

125  ± 
55.3 

68.0  ± 
4.67 

73.3  ± 
6.57 

40.3  ± 10.3 

Avg. 
Confluency  

70%  100%  100%  60%  80%  85%  85%  70%  
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Figure 8: Giant osteoclasts generated by 25% BCCM and  

OBCM.  A)  Image of pre-osteoclast cells cultured in VM for 3 weeks.   

The cells are TRAP-positive, but only contain a single nucleus.  B)  OBCM  

was capable of yielding giant, TRAP+, multinucleated osteoclasts.   

Orange arrows show the several examples of nuclei with the polykaryons. 

C)  25% BCCM was also capable of producing the giant osteoclasts.   

Orange arrows again point out nuclei within the cell.  Cells of this size  

often grew closely to one another and were always found in densely  

populated areas of the 24-well plate.   
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Experiment 4: OBCM and BCCM Titration   

The difficulty in interpreting the results of the pervious data was that the percentages of 

the various media were not always the same.  For a more straightforward comparison and to 

better assess the most effective concentration of OBCM and BCCM capable of inducing 

osteoclastogenesis, a medium titration was performed.  Non-adherent pre-osteoclasts were 

isolated from 6-week old Tg(CAG-EGFP)B5 Nagy/J GFP mice.  After a red blood cell lysis was 

performed, cells were plated at 45,000 cells/cm
2
 in 24-well plates using VM, 100 ng/ml M-CSF, 

and 50 ng/ml RANKL.  The cells were incubated for 48 hours at 37°C and 5% CO2, after which, 

half the media was replaced with OBCM and BCCM at varying concentrations (diluted with 

VM) and 100 ng/ml M-CSF and 50 ng/ml RANKL were added to the wells (except for VM 

alone).  After an additional 48-hour incubation, the media was entirely aspirated and replaced 

with the respective condition media.  From this time point, condition media was changed every 

other day and 50 ng/ml M-CSF and 100 ng/ml RANKL were added to each well.  After 14 days 

of culture, only 100 ng/ml of RANKL was added during media changes.  A RANKL (50 ng/ml 

for first 4 days, and 100ng/ml thereafter) and M-CSF (100 ng/ml for the first 4 days and  

50ng/ml thereafter until 2 weeks) media was also tested.  After 21 days of culture, the cells were 

fixed and stained for TRAP activity. 

In contrast to Experiment 3, VM was not capable of inducing osteoclastogenesis when 

exposed to pre-osteoclasts (Table 7, Figure 9).  The RANKL/M-CSF media produced very few 

osteoclasts per well, although they were still present.  An interesting trend was noticed when 

comparing the levels of OBCM and BCCM.  As the concentration of OBCM increased, the 

average number of TRAP-positive, multinucleated cells decreased.  For BCCM, as the 

concentration increased, the effect was just the opposite (Table 7, Figure 9).  However, due to 

the small numbers of TRAP-positive cells per well, further experimentation must be performed. 
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Surprisingly, although the number of multinucleated TRAP-positive cells per well was 

rather low, high levels of TRAP-positive single-nucleus cells were noticed.  After this 

observation, the wells were recounted for the number of TRAP-positive single-nucleus cells per 

field of vision.  5 randomly chosen fields were viewed at 200X magnification the number of 

single-nucleus TRAP-positive cells was averaged over the 5 fields.   This number was then 

averaged over the triplicate plates for each condition media.  Interestingly, the titrational effects 

of OBCM and BCCM on the number of TRAP-positive cells remained partially true.  OBCM 

was the most effective at inducing osteoclastogenesis at 50%.  BCCM however was more 

effective at producing TRAP-positive single-nucleus cells at 50% and 25% than at 12.5% (Table 

8, Figure 10).  However, BCCM still produced less TRAP-positive, single-nucleus cells per field 

at all concentrations than OBCM did. In this experiment, VM alone was able to generate some 

TRAP-positive, single-nucleus cells, unlike TRAP-positive, multinucleated cells. 
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TABLE 7: Effects of Condition Media Titration on Osteoclastogenesis 

 VM RANKL/M-CSF 

Media 

OBCM BCCM 

12.5% 25% 50% 12% 25% 50% 

1st Well 0 1 1 0 8 4 0 0 

2nd Well 0 0 0 9 6 2 1 2 

3rd Well 0 4 0 1 16 0 6 3 

Avg. 0 2.5 0.33 3.33 10 4.33 2.33 1.67 

Isolated murine pre-osteoclasts plated at 45,000 cells/cm
2
 and incubated for 21 days in varying 

amounts of OBCM, and BCCM.  All media, except for VM, received RANKL and M-CSF 

supplementation.  After three weeks, the cells were fixed and stained for TRAP activity.  The 

TRAP-positive, multinucleated osteoclasts were counted and averaged over three wells.  It 

should be noted that the number of TRAP-positive osteoclasts per well was much lower than in 

Experiment 3. 

 

 

 

 
  Figure 9: Condition media was titrated and osteoclastogenesis 

  was then measured.  Pre-osteoclasts were cultured in 24-well plates 

  and after the cells were allowed to settle, condition media and RANKL/ 

  M-CSF supplements were added.  OBCM had a dose-dependent effect 

  on osteoclastogenesis, while BCCM produced a negative correlation as  

  the supernatant concentration was increased.  R/M denotes RANKL/ 

  M-CSF medium. (n=3.  Due to the overall low number of cells per well,  

  statistics were not performed). 
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TABLE 8:  Effects of Condition Media Titration on Single-nucleus TRAP+ Cell Formation 

 

 

VM 

 

RANKL/M-CSF 

Media 

OBCM  BCCM  

12.5% 25% 50% 12% 25% 50% 

1st Well 0.8 0.6 0.4 0.6 1.8 0 0 0.4 

2nd Well 2.7 2.2 4.4 3.0 1.4 1.2 3.8 3.4 

3rd Well 0.6 1.8 0.4 4.0 9.4 2.2 2.0 2.2 

Avg. 1.4 1.1 1.7 2.5 4.2 1.1 1.9 2.0 

Pre-osteoclasts were exposed to varying concentrations of OBCM and BCCM and stained for 

TRAP activity at the end of 21 days of incubation.  Each value represents the average of the 5 

randomly chosen fields of vision for each well.  These numbers were then averaged over 

triplicate plates.   

 

 

 
  Figure 10: The number of single-nucleus TRAP-positive cells increases 

  as the concentration of BCCM is increased.  Single-nucleus TRAP- 

positive cells were counted in 5 randomly chosen fields of vision at 200X  

  magnification.  The 5 values were averaged for each well and then 

  averaged again over triplicate plates.  Like for TRAP-positive, multi- 

nucleated cells, OBCM generated higher levels of single-nucleus TRAP- 

positive cells as the concentration was increased.  BCCM did not follow  

the same pattern as for the TRAP+ multinucleated portion of Experiment 4, 

and was actually most effective at producing TRAP-positive cells at 50%.   

R/M denotes RANKL/M-CSF medium.  (n=3.  Due to the overall low number 

of cells per well, statistics were not performed). 
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DISCUSSION 

 

 

Increased bone resorption as an adverse effect of breast cancer bone metastasis can be 

explained by the vicious cycle originally proposed by Guise
21

.  As metastatic breast cancer cells 

invade the bone microenvironment they shift the normal equilibrium between bone resorption 

and bone accretion when osteoblast function is inhibited, continual osteoclast activity continues 

to not only resorb bone, but release TGF-β, upregulating PTHrP production in cancer cells
31

.  

These findings demonstrate the role of all three cell types (osteoblasts, osteoclasts and metastatic 

cancer cells) involved directly in the vicious cycle and reinforce the idea of the inflammatory 

response.   

In the first experiment, whole bone marrow isolates were cultured in the presence of 

various condition media.  OB-BCCM and co-culture media induced a similar number osteoclasts 

to one another, signifying that the inflammatory response that the osteoblasts undergo may be 

triggered by condition media and direct cell-to-cell interaction.  Co-culture media was slightly 

more effective at stimulating osteoclastogenesis, but the two media cannot be directly compared 

because the supernatants were not assayed for their contents, and the concentration of pro-

inflammatory cytokines must have been unequal.  However, the increase in osteoclastogenesis 

can likely be attributed to cytokines resulting from the inflammatory response. 

OB-OBCM, the most prolific inducer of osteoclast differentiation, was able to increase 

the number of mature osteoclasts to more than 2.5 fold above the baseline with VM.  A possible 

explanation for this effect could be the method by which the condition medium was created.  

When the medium was added to the MC3T3-E1’s, it contained 50% OBCM and 50% VM.  The 

OBCM was created by adding α-MEM to murine osteoblasts for 24 hours.  It is possible that the 

serum-free conditions could have induced a form of an inflammatory response in the MC3T3-
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E1’s.  Furthermore, while MC3T3-E1’s do not secrete RANKL to any extent, the serum-free 

conditions could have caused an upregulation of the secreted protein.  Finally, MC3T3-E1’s do 

secrete M-CSF, an important factor in the initial stages of osteoclast differentiation
32

.  The OB-

OBCM media essentially contained a “double-dose” of osteoblast-derived osteoclastogenic 

cytokines, making it so effective at inducing osteoclastogenesis. 

In experiment 1, it was seen that BCCM at 50% was inhibitory in regards to 

osteoclastogenesis with whole bone marrow isolates.  Because osteoblasts were present in the 

bone marrow isolates, the condition medium could have hypothetically caused the osteoblasts to 

secrete pro-inflammatory cytokines.  However, at 50%, the concentration of BCCM may have 

inhibited certain important steps in the osteoclast maturation process or may have even 

suppressed the release of osteoclastogenic cytokines. 

In another experiment, bone marrow-derived osteoblast differentiation was studied to 

further determine the role of osteoblasts.  All condition media was capable of increasing 

osteoblast colonies compared to VM.  These data prove interesting because in work done by 

Mercer, et al., it was found that when MC3T3-E1 murine osteoblasts were cultured in breast 

cancer condition media alone, osteoblast differentiation markers were down-regulated
33

.  

However, in this experiment when the MC3T3-E1’s were cultured with BCCM for 24 hours and 

the supernatant was then added to bone marrow isolates, a 1.5 fold increase of Alk. Phos. 

colonies was observed compared to the average baseline value for VM.   

Initially these results supported the hypothesis that the synergistic effects of OB-BCCM 

would increase osteoblast differentiation, thereby leading to more cells secreting pro-

inflammatory cytokines.  However, when TRAP-positive, multinucleated osteoclasts generated 

from bone marrow cells were exposed to the same condition media were counted, the correlation 
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between the number of osteoblast colonies and the number of polykaryons was not as concrete.  

For example, while OBCM produced the fewest number of Alk. Phos.-positive colonies of the 

three condition media, it was most effective at inducing osteoclastogenesis.  Nonetheless, 

although the relationship between osteoblast colonies and TRAP-positive osteoclasts was not 

directly parallel, an overall trend of increased Alk. Phos.-positive colonies and TRAP-positive 

osteoclasts was observed and sheds light onto the importance of osteoblasts in the vicious cycle. 

Because the baseline secretions of RANKL, M-CSF and other osteoclastogenic factors 

produced by cells isolated from the bone marrow, it was decided to remove them as much as 

possible.  In the next experiment, RANKL and M-CSF were added. 

In order to verify the synergistic effects of OB-BCCM on osteoclastogenesis, it was 

necessary to prove that the condition medium was more capable of promoting osteoclast 

differentiation than the sum of its parts added together.  When OBCM and BCCM were added at 

87.5% and 12.5% respectively, they did not induce the same level of osteoclastogenesis as 100% 

OB-BCCM (essentially 50% OBCM and 50% BCCM).  While the concentrations of these 

condition media were not identical, these initial results signify the importance that the 

inflammatory response (OB-BCCM) has on osteoclastogenesis.  Added de novo, without 

exposure to MC3T3-E1’s, OBCM + 12.5% BCCM did not possess the same levels of pro-

inflammatory cytokines present in OB-BCCM, and was therefore not as effective at the induction 

of osteoclastogenesis.  At the time of staining, the average confluency of the OB-BCCM wells 

was 80%.  The average confluency of the OBCM + BCCM wells was 15% less than the OB-

BCCM average, signifying the possible permissive effects the inflammatory response may have 

on cell growth.  The fewer number of cells in a well would directly decrease the possible number 

of mature osteoclasts.   
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Perplexingly, the medium that stimulated the greatest amount of osteoclast differentiation 

in this experiment was 25% BCCM.  At 50% BCCM had an adverse effect on osteoclastogenesis 

in whole bone marrow isolates.  In addition, at a concentration 12.5%, BCCM was found to be 

the least effective inducer of osteoclastogenesis when exposed to non-adherent pre-osteoclasts.  

However, Guo et al. demonstrated that MDA-MB-231 condition medium had a bell curve effect 

on the degree to which RAW 264.7 murine pre-osteoclasts differentiated into mature, 

multinucleated osteoclasts (Figure 11).  Guo, et al. showed that alone, MDA-MB-231 condition 

media was not capable of inducing osteoclastogenesis, but if the RAW264.7 cells were primed 

with RANKL before they were exposed to the condition media, supplemental osteoclastogenic 

cytokines were not required to induce osteoclast differentiation
27

.  Guo, et al found that a 

concentration of roughly 10% BCCM increased the number of osteoclasts to the greatest number.  

Raising the concentration of BCCM past this point only decreased osteoclastogenesis.  It is 

possible that there is an optimal concentration of BCCM for primary pre-osteoclasts and the 

RANKL and M-CSF supplementation undertaken throughout this experiment acted in a manner 

similar to Guo, et al.’s pre-conditioning treatment.  Unfortunately, because only two 

concentrations of BCCM were studied, such a curve cannot yet be established.   

 Given the possible inhibitory effects of BCCM at 50%, as seen in experiment 1, 

the final experiment was carried out in an attempt to establish a titration curve of the medium. 

Although the overall numbers of TRAP-positive, multinucleated cells per well was extremely 

low, a correlation between the concentration of OBCM and the number of multinucleated 

osteoclasts was seen, potentially signifying the crucial role that osteoblasts, and not cancer cells 

(as increasing the concentration of BCCM was actually deleterious) play in the direct stimulation 

of osteoclastogenesis.  A titration of conditioned media is important to better compare the 
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osteoclastogenic effects of each supernatant as directly as possible.  In the final experiment, the 

concentrations of OBCM and BCCM were not equal in the two media that were compared.  OB-

BCCM essentially contained 50% OBCM and 50% BCCM while the other medium was 

composed of 87.5% OBCM and 12.5% BCCM.   

 

 
  Figure 11: Guo, et al. determined that 10% BCCM stimulated the highest 

  number of osteoclasts to differentiate and stain positively for TRAP.   

  RAW 264.7 murine pre-osteoclasts were treated with RANKL (50 ng/ml) 

  for 3 days and then exposed to varying concentrations of BCCM.  After  

  an additional 2 days of culture with the condition media, the RAW cells  

  were fixed and stained for TRAP.  A possible titration effect may be  

  possible with the primary pre-osteoclasts isolated in this experiment, but 

  not enough data points exist. 

Guo, et al. “Osteoclast precursors acquire sensitivity to breast cancer derived 

factors early in differentiation.”  Bone. 43(2008): 386-393. 

 

 The present study has emphasized the significance of cytokines of the inflammatory 

response in the role of osteoclastogenesis.  In whole bone marrow isolates, OB-BCCM 

significantly increases the number of mature osteoclasts, as well as osteoblast colonies.  This 

information reveals the complex nature of the vicious cycle and the interconnections between 
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breast cancer cells, osteoblasts and osteoclasts.  It is important that all aspects of the bone 

microenvironment receive attention in regards to breast cancer bone metastases.  

Future experimentation of this topic should focus on several issues.  The first and perhaps 

most important problem facing the experiment was the lack of a defined control and very few 

standardization steps.  Condition media should be titrated with isolated pre-osteoclasts and 

normalized curves should be generated to better understand the most appropriate concentrations 

of OBCM, OB-BCCM and OB-OBCM to be added.  Experiment 4 addressed this partially, but 

due to experimental variation, and possible staining problems, cannot be trusted as completely 

accurate data.  Additionally, a cytokine array should be performed on the aforementioned 

supernatants to determine the levels of osteoclastogenic cytokines.  While each batch of 

condition media would undoubtedly contain varying levels of the cytokines, due to differences in 

initial osteoblast population, or the exact amount of media added to the cells, a range could be 

established to better comprehend exactly what is being added to the whole bone marrow isolates 

or non-adherent precursor cells. 

The link between Alk. Phos.-positive colonies and TRAP-positive osteoclasts should also 

be investigated to a further extent.  Additional media types should be tested on both the 

osteoclasts and osteoblasts to better get an idea of all the changes the condition media types stir 

up when exposed to the bone microenvironment in vivo.   

Also, although preliminary results were intriguing, OB-BCCM and OBCM+BCCM 

should be tested at equal concentrations of media types.  Currently, while the levels of media are 

similar, they are not exact and can therefore not be directly compared.  The concentrations to add 

the two media types could be determine by a standard curve, as previously mentioned.   
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Finally, a comparison of the pro-inflammatory cytokines induced by the inflammatory 

response should be undertaken to better understand the role that each one has in the process of 

osteoclastogenesis.  Although each cytokine has been proven to elicit TRAP-positive 

multinucleated cells in vitro the concentrations of the cytokines, osteoclast cell line and overall 

experimental procedure have all been different. A more specific study in which all parameters 

would be set equal would allow us to better comprehend the role of these inflammatory 

cytokines in osteoclastogenesis.  Such an experiment was tested, adding equal concentrations of 

pro-inflammatory cytokines to pre-osteoclasts, with and without RANKL and M-CSF.  However, 

due to the result of poor staining, the TRAP-positive cells could not be counted.  Unfortunately, 

time constraints prohibited any further investigation into this area of research.  

 

 

In summary, the results of the experimentation described in this thesis, although not 

definitive, highlight the importance of osteoblasts and the inflammatory response they undergo.  

This response increases the concentration of osteoclastogenic cytokines and perhaps even the 

number of osteoblasts present in the bone microenvironment.  Finally, an elevated number of 

osteoclasts causes increased bone resorption, releasing embedded growth factors, thus 

completing the cycle.  The results of this experiment emphasize the role of all three types of cell 

involved in the vicious cycle and highlight their interconnectedness. 
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