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ABSTRACT
Four out of five women diagnosed with progressive breast cancer will suffer from
metastasis and metastasis-related symptoms. Metastasis, trafficking and growth of cancer cells in
specific target organs, is one of the leading causes of death associated with cancer. Some of the
most prevalent forms of cancer, including breast cancer, are known to aggressively metastasize to
the bone. Bone maintains homeostasis by means of a repair and renewal process called “bone
remodeling” executed by osteoblasts (OBs), or bones building cells, and osteoclasts (OCs), or
bone resorbing cells. This constant dynamic activity creates a pre-metastatic niche which
facilitates the invasion of breast cancer cells that disseminate from the primary tumor
In osteolytic breast cancer metastasis, the delicate balance of bone remodeling is set
askew causing excess bone resorption which leads to detrimental clinical symptoms in cancer
patients such as bone pain, fracture, hypercalcaemia, and spinal cord compression. Previous data
from this laboratory by Krishnan [1] highlighted a potential relationship between OCs and the
invasion of cancer cells in the bone. We postulated that OCs chemoattract metastatic breast
cancer cells to sites of active bone remodeling and resorption. Once located in the bone
microenvironment, cancer cells trigger the production of certain osteoclastogenic factors such as
RANKL, VEGF, and M-CSF that enhance the formation and activity of OCs, causing massive
bone degradation.
The aim of this study was to classify the mechanism of the chemoattractant between
primary OCs and MDA-MB-231-GFP metastatic breast cancer cells as involving either a soluble
matrix factor created by bone-resorbing OCs or a soluble OC-specific factor. It was hypothesized
that conditioned medium from OCs actively resorbing an OB-derived matrix and yielding soluble
matrix factors would elicit more migration of cancer cells than conditioned media from
differentiated OCs growing without OB-derived matrix. Primary OCs were derived from the bone
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marrow of DsRed mice. The OCs were treated with macrophage colony stimulating factor (MCSF) and receptor activator of nuclear factor kappa B ligand (RANKL). Cancer migration was
determined by quantitative analysis of green fluorescent protein (GFP)-expressing cancer cells
that migrated through a porous membrane. Conditioned medium from OCs growing on a plastic
surface, or on a decellularized matrix, or cellularized matrix had no significant effect on
migration of MDA-MB-231breast cancer cells. Thus, the potential chemoattractant may not be a
soluble factor but rather a ligand factor that requires cell to cell contact. The development of
effective therapies that would eliminate or ameliorate bone metastasis is currently hindered due to
a limited understanding of the molecular and cellular mechanisms behind the growth and spread
of breast cancer cells in the bone. Further work in this realm of bone metastasis would help in the
synthesis of drugs and with treatments targeted at halting cancer cell chemoattraction to OCs in
the bone.
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Chapter 1
Introduction

1.1. Breast Cancer Overview
Breast cancer incidence and prognosis are widespread issues in the medical realm. The
statistics speak for themselves; approximately 1 in 8 women in the United States will be affected
by invasive breast cancer during her lifetime [2]. Breast cancer is the most prevalent cancer in
women, second only to skin cancer, and the second leading cancer-associated cause of death [2].
The American Cancer Society predicted that the in the year 2013 alone, there would be 232,340
new cases of invasive breast cancer and 39,620 deaths from breast cancer [2]. Breast cancer is
characterized as a malignant tumor or group of invasive cells that originate in breast tissue of
primarily women but some men too [2]. This invasive mass of cells can further penetrate into the
healthy breast tissue or travel to distant areas of the body via the lymph and blood systems and
form metastases [2]. Metastasis or spread of the cancer to distant sites is one of the most
detrimental qualities of cancer [3]. Highly metastatic cancers such as breast and prostate cancer
often first metastasize to the bone [4]. In fact, over 2 out of 3 patients with primary breast and
prostate tumors that fall victim to metastasis have bone metastases. [4].
The presence and degree of metastasis is used as a significant landmark in the staging of
breast cancer. The stage at which treatment begins highly dictates potential survival rates (Table
1.1) [5]. Upon analysis of the patients diagnosed with breast cancer between 2001 and 2007,
those patients with a localized primary tumor had a 5 year survival rate of 98.6 %, and those who
had regional spread to surrounding lymph nodes had a 5 year survival rate of 83.8 % [5]. This
survival rate dropped drastically for patients with distant metastatic disease to 23.3 % [5].
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Table 1.1 Brief Summary of the Stages of Breast Cancer
Stage

0

1

2

3

4

Characteristics
This is ductal carcinoma in situ (DCIS), a precancer of the breast. In all cases the cancer has
not spread to lymph nodes or distant sites.
The tumor is 2 cm or less across (or is not
found) with micrometastases in 1 to 3 axiliary
lymph nodes or no spread to lymph nodes but
definitely no spread to distant sites.
The tumor can be 2 cm or less across (or is not
found), between 2 cm to 5 cm, or larger than 5
cm with or without micrometastases in 1 to 3
axillary lymph nodes but no spread to distant
sites in all cases.
The tumor can be less than 5 cm or greater than
5 cm with or without spread to lymph nodes
and surrounding tissue but no identifiable
spread to distant sites in all cases.
The cancer can be any size and may or may not
have spread to nearby lymph nodes. It has
spread to distant organs or to lymph nodes far
from the breast. The most common sites of
spread are the bone, liver, brain, or lung.

Brief overview of the physiological landmarks of the five stages of cancer (Stage 0-4) and the
characteristics of the cancer diagnosis at each stage. Taken from [2]
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1.2 Normal Physiology and Function of Bone

1.2.1 Bone Structure
Bone is rigid tissue with multi-faceted purposes which include structural support and
framework, a layer of protection for soft, vital organs, site for blood production, and storage for
necessary minerals [6]. Bones are heterogeneous in composition because they are made of
multiple types of cells, a complex system of fibrous tissue called matrix, and important minerals
like calcium that are responsible for bone’s characteristic strength and rigidity [4]. Two different
yet complementary types of bone formation include cancellous or trabecular and cortical or
compact [6]. Most long bones, that are also most prone to bone metastasis, have a rigid outer
layer of cortical bone and an inner spongy section of cancellous bone (Figure 1.1) [6]. The bone
is a dynamic environment that houses two main kinds of cells, OBs that build the bone and OCs
which resorb the bone. Cellular activities and interactions taking place in this bone
microenvironment facilitate the process of bone remodeling [4].
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Figure 1.1. Cancellous and Cortical Bone Sections. Proximal segment of a human femur
depicting two types of bone formation. Cancellous bone throughout the center provides some
flexibility and is home to bone-specific activity while cortical bone around the border gives
structure and support. Taken from [7]

1.2.2 Bone Microenvironment
Bone marrow derived stem cells: haematopoietic cells, endothelial cells, and
mesenchymal cells give rise to all of the cells found within the bone marrow [8]. Mesenchymal
cells are progenitors for adipocytic, chondrocytic, or osteocytic lineages which regenerate tissues
such as bone, cartilage, muscle, ligament, tendon, adipose, and stroma [9]; while, haematopoietic
cells develop into lymphoid cells of the immune system and myeloid cells including macrophages
and OCs [10]. This dynamic bone tissue becomes an attractive metastatic niche for invasive cells
such as circulating tumor cells because of the release of growth factors involved in facilitating
adhesion and proliferation of these invasive cell types during bone remodeling [11].
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1.2.3 Bone Remodeling
The bone is a dynamic environment that houses two main kinds of cells, OBs that build
the bone and OCs which resorb the bone. Cellular activities and interactions taking place in this
bone microenvironment facilitate the process of bone remodeling (Figure 1.2). The preliminary
phase of the remodeling cycle, which is regulated by parathyroid hormone and 1,25dihydroxyvitamin D3, involves active resorption by OCs that dissolve hydroxylapatite mineral
and degrade the collagen matrix created by the OBs [12]. OCs are derived from hematopoietic
stem cells which differentiate to a determined mononuclear pre-OC cell with the aid of growth
cytokines such as macrophage colony stimulating factor (M-CSF) and receptor activator of
nuclear factor kappa B ligand (RANKL) [12]. The mononuclear pre-OC cells fuse to form the
signature multinucleated OC capable of resorption of bone matrix [12]. OCs attach to the
hydroxylapatite surface inducing a local pH change by creating an acidic environment which
marks the formation of the resorption pit [12]. Next is the reversal phase in which the scavenger
cells, monocytes or macrophage, remove the leftover debris from bone resorption in order to clear
the surface for new bone formation [12]. Lastly, OBs dominate the bone building phase by
producing osteoid matrix which mineralizes to form hydroxylapatite, the primary bone material
[12]. Like most things in nature, this process has its pros and cons. The constant breakdown and
renewal helps bone maintain its strength and keeps it viable, but it also provides an attractive pool
of growth factors and cytokines for aggressive foreign cells that may invade the bone
microenvironment [12].
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Figure 1.2. The Bone Remodeling Cycle. OCs from a hematopoietic stem cell linage and OBs
from a mesenchymal stem cell linage are key players in normal bone remodeling. Taken from
[12]

1.2.4 Osteoclasts
OCs, characterized by their multinucleated appearance, are one of the principal types of
cells in bone (Figure 1.3, 1.4) [13]. Their formation is the result of the fusion of mature
mononuclear precursors of the macrophage/monocyte linage driven by specific survival and
proliferation factors such as RANKL and M-CSF [13]. A major function of OCs in the bone is
bone resorption and subsequent calcium release. Bone resorption is executed in a sequential
manner beginning with proliferation and maturation of immature OC precursors, fusion of these
progenitor cells as they commit to OC formation, and lastly, degradation of the organic and
inorganic layers of the bone by the mature OCs with resorptive abilities (Figure 1.5) [13]. OCs
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are known to recognize the hard mineralized bone in order to form their signature ruffled border
that is greatly involved in the resorption process [13]. This complex array of folded plasma
membrane forms on the surface of the cell facing the osteoid matrix and serves as the OC’s
resorptive organelle by facilitating the delivery of acidifying vesicles along microtubules [13].
Interestingly, OCs recognize the hard and stiff nature of plastic dishes for in vitro study because
they will still secrete protons for degradation toward the dish surface [14].
The first step of bone resorption by the OCs entails an intimate “sealing zone” between
the ruffled border and matrix [13]. The seal between OCs and the matrix allows for degradation
of the inorganic, mineralized layer of the matrix by the enzyme vacuolar H+–adenosine
triphosphatase (H+-ATPase) from the ruffled membrane [13]. Then, OCs discharge cathepsin K, a
lysosomal protease, in order to dissolve the organic, demineralized portion of the bone [13]. This
method of bone degradation is regulated by multiple layers extracellular factors. Any increase or
decrease in this activity can be detrimental to the organism.
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A

B

Figure 1.3. Tartrate-Resistant Acid Phosphatase (TRAP) Staining of Primary
Multinucleated OCs. Fixed TRAP positive OCs are indicated by maroon-purple color. Red
arrows are pointing to the distinctive “ruffled border” of osteoclasts. Images taken with a Zeiss
Axiovert (A) 40X magnification (B) 20X magnification.

Figure 1.4. Live Multi-Nucleated Primary OC Formation. Live confocal images of a coculture of Ds-red primary OC and MDA-MB-231 GFP breast cancer cells on day 2 of co-culture
depicting the multi-nucleation of the OCs by the fusion of macrophage precursors. 231-GFP cells
were added to four-day-old OCs on day 6 of their differentiation. Image taken with an Olympus
FV300 confocal microscope at 40X magnification.
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Figure 1.5. OC Differentation. Stages of OC differention and genes and growth factors involved
in regulating the maturation of pre-OCs. Taken from [13]

1.3 Metastatic Breast Cancer Cells and Bone Cells Interaction

1.3.1 Bone Metastasis
Cancer cells are able to break from the original tumor and travel through the body using
the bloodstream or lymph vessels as highways. Most often the cells that separate from the
primary tumor site will die without causing any problems for the patient, but it is possible that if
the cells find a supportive environment, they can settle in this new area and proliferate [4].
Metastasis is formally defined as the spreading of cancer cells from the primary site to a new area
of the body [4]. As a consequence of interactions between cancer cells and the native bone cells,
cancer cells produce factor that activate OCs and lead to osteoclastogenesis [4]. Conclusively, the
OCs, in turn, become hyperactive and dissolve and weaken the bones resulting in holes in the
bones known as osteolytic lesions (Figure 1.6) [4]. The most common detrimental signs and
symptoms of osteolytic bone metastasis include bone pain, fracture, spinal cord compression, and
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hypercalcemia [15]. The bone microenvironment is able to widely support the metastasis of
various tumor types due to the expression of specific chemokines that enhance tumor cell growth
and invasion [8].

Figure 1.6. X-ray Appearance of Osteolytic Bone Metastasis. Pelvic x-ray film of a 75-yearold patient with breast carcinoma depicts multiple osteolytic bone lesions that are most likely
very painful and indicative of a late stage cancer. Copyright © 2005 surgical-tutor.org.uk. Taken
from [16]

1.3.2 The Vicious Cycle
Bone metastasis can be characterized by a vicious circle among the OBs, OCs, and
invading cancer cells (Figure 1.7). Tumor cells produce factors such as IL-6 (interleukin-6),
prostaglandin E2 (PGE2), tumor necrosis factor (TNF), macrophage colony-stimulating factor
(M-CSF), and parathyroid hormone-related peptide (PTH-rP) that augment osteoclastogenesis
through the RANK-RANKL system [17]. In return, OCs that are actively resorbing matrix,
release transforming growth factor-β (TGF-β), insulin-like growth factors (IGFs), fibroblast
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growth factors (FGFs), platelet-derived growth factor (PDGF), and bone morphogenetic proteins
(BMPs) [17]. These factors and parathyroid hormone-related peptide (PTHrP) production by
cancer cells support tumor growth [17]. The mutualistic relationship between the cells of the bone
and cancer cells represents the vicious circle that serves to upregulate OC mediated bone
destruction and tumor growth.

Figure 1.7. The Vicious Cycle of Bone Metastasis. Crosstalk among native bone cells and
invading cancer cells results in this vicious cycle of increased bone resorption and cancer cell
growth. Once cancer cells arrest in the bone marrow, it has been shown that cancer cells trigger
the production of certain osteoclastogenic factors such as RANK-L, VEGF, and M-CSF all of
which enhance the formation and activity of OCs, causing massive bone degradation. Taken from
[17]
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1.4 Chemoattraction in Bone Metastasis
Metastasis is a controlled, non-random spread of the cancer cells to specific secondary
organs throughout the organism. For example, prostate and breast cancers are more inclined to
spread to bone than any other site of metastasis [18]. The first explanation for site-specific
metastasis came from Paget in his “seed and soil” hypothesis which states that the
microenvironment of the potential metastatic site plays a pivotal role in tumor development [19].
More recent rationalization for this phenomenon entails a chemoattraction theory in which cells
from particular organs produce chemoattractants to cause cancer cells to home to that site [18].
Previous work in our laboratory has indicated the chemotactic effects of OB conditioned medium
on metastatic breast cancer cells [20]. Additionally, OCs treated with the supernatant of OBs
cultured with cancer cells exhibited increased formation and activity [20]. The data from the work
of Bussard elucidate the role of OBs in the vicious cycle of bone metastatic breast cancer and
suggest that cancer cells directly benefit from the soluble OB-derived cytokines by increased
proliferation and survival in the bone microenvironment [20].
While the chemoattractive behavior between OBs and metastatic breast cancer cells has
been well established, the attraction between cancer cells and OCs, the other principal type of
bone cells, is not as clear and is less studied. Previous work in our laboratory resulted in
preliminary evidence for the possible role of OCs in breast cancer chemoattraction to bone
(Figure 1.8) [1]. Qualitative analysis of photographs taken of a tri-culture of metastatic breast
cancer cells, murine OBs, and primary OCs depict OCs as potential chemoattractant for breast
cancer cells [1]. The purpose of this study was to try to reproduce the chemoattraction of breast
cancer cells to OCs in an in vitro transwell migration assay. The experiments aimed to define the
mechanism of such a finding with in vitro migration experiments and to classify the type of factor
involved in the attraction of breast cancer cell migration to OCs.
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Figure 1.8. Live Imaging of Breast Cancer Migration to OCs. Live confocal images depicting
the migration of MDA-MB-231-GFP breast cancer cells (white arrows) as they migrate towards
GFP OCs (white circles) in a tri-culture 3-D environment in the bioreactor of cancer cells, OBs,
and OCs. Taken from [1]

1.5 Statement of Hypothesis and Goals

We hypothesize that OCs serve a chemotactic role in the homing of cancer cells in
the bone during breast cancer metastasis to the bone. Specifically, OCs that were
resorbing the matrix and producing soluble matrix factors were expected to induce more
migration of cancer cells than the differentiated OCs growing without matrix. The
hypothesis was based on literature that highlighted the chemotactic role of collagen and
other matrix components on breast cancer cells, and on the previous observation that OCs
differentiate better while growing atop a matrix..
The overarching goal of the experiment was to classify the chemoattractant(s)
between OCs and metastatic breast cancer cells as a soluble matrix factor or a soluble
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OC-specific factor. The goals were carried out by quantitative analysis of migration of
cancer cells in a transwell system. These data may further serve to identify potential
cytokines or soluble growth factors that mediate the chemoattraction between OCs and
disseminated cancer cells. Furthermore, novel treatments targeting this mechanism may
reduce the progress of metastasis to the bone.
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Chapter 2
Materials and Methods

2.1 Cell Lines

2.1.1 Breast Cancer Cell Line
The human metastatic breast cancer cell line, MDA-MB-231 originated from a pleural
effusion from a 51 year-old white patient [21]. The cell line (a gift from Dr. Danny Welsh from
University of Kansas Medical Center) was transfected with Green-Fluorescence-Protein (GFP) to
allow for quantification on a FluroBlok (BD Biosciences) membrane. MDA-MB-231-GFP cells
were cultured in growth medium consisting of 5% neonatal fetal bovine serum (FBS), penicillin
(100 U/ml solution), streptomycin (100 μg/ml solution; Mediatech Inc., Manassas, VA) and 1X
non-essential amino acid solution (NEAA; Mediatech Inc., Manassas, VA) in Dulbecco’s
Modified Eagle’s Medium (DMEM; Mediatech Inc., Manassas,VA). The culture was sustained in
a humidified incubator at 37°C and 5% CO2.

2.1.2 Murine Osteoblastic Cell Line
The murine pre-OB cell line, MC3T3-E1, was a gift from Dr. Norman Karin of Pacific
Northwest National Laboratories. The cells were maintained in growth medium of 10% neonatal
FBS, penicillin (100 U/ml), streptomycin (100 μg/ml; Mediatech Inc., Manassas, VA) in α-MEM
(Mediatech Inc., Herdon, VA). In order to yield mature matrix-producing OBs, the cells were
cultured at an initial density of 105 cells/cm2 for 4 weeks in differentiation medium consisting of
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10% neonatal FBS, penicillin (100 U/ml), streptomycin (100 μg/ml), 50 μg/ml ascorbic acid and
10 mM β-glycerophosphate (Sigma–Aldrich) in α-MEM.

2.2 OC Culture

2.2.1 Bone Marrow Isolation
OCs were isolated from bone marrow precursors that were harvested from 4-6 month old
dsRed mice [B6Cg-Tg(ACTB-DsRed*ms)1 Nagy/J, Jackson Laboratories, Maine, US]. All
animal work was performed with approval and specific guidelines set forth by the Penn State
University Institutional Animal Care and Use committee (Protocol Number 35397). Femurs and
tibias were collected during dissection of the mice and stored for approximately one hour in
phosphate buffered saline (PBS) over ice. The bone cavities were flushed using a 27-gauge
needle with sterile PBS. Cells from all of the bones were combined and cultured in a 100 mm2
tissue culture plate in growth medium comprised of 10% neonatal FBS (Sigma Aldrich Lot
#123K8409), penicillin (100 U/ml), streptomycin (100 μg/ml) in α-MEM. We had tested several
lots of serum for one that promoted optimal differentiation. The cells were cultured overnight for
24 hours in a humidified incubator at 37°C and 5% CO2. The non-adherent cells were collected
for differentiation after the 24 hour incubation in order to yield an enriched OC precursor
population. Cells were either cultured immediately for OC differentiation or the precursors were
frozen down in 50% freezing medium (20% DMSO and 80% FBS) and stored in a -20ºC freezer.
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2.2.2 Pre-OC Differentiation and Growth
The non-adherent bone marrow-derived OC precursors were plated at a concentration of
2.5 x 105 cells/cm2 atop 1.) tissue culture plastic (TCP), 2.) decellularized matrix derived from
differentiated OB or 3.) cellularized matrix, i.e differentiated OB. Growth medium (as defined in
Chaper 2.2.1) was supplemented with 100 ng/ml RANKL (gift from AMGEN®, Thousand Oaks,
CA) and 50 ng/ml M-CSF (Peprotech, Rockyhill, NJ) to induce differentiation. Differentiation
medium (growth medium supplemented with RANKL and M-CSF) was changed every third day.
Cells reached peak maturation and multi-nucleation at day 7 of growth.

2.3 Conditioned Media (CM)

2.3.1 CM Prepared from OC Grown on TCP
The non-adherent pre-OCs (2.5 x 105 cells/cm2) were differentiated for 6 days on TCP in
a 100 mm2 dish using growth medium supplemented with100 ng/ml RANKL and 50 ng/ml MCSF. Differentiation medium was changed every third day and RANKL and M-CSF were also
refreshed. CM was prepared by removing the differentiation medium on day 7, washing the
culture with PBS to remove residual FBS, RANKL, and M-CSF, and adding 10 ml of serum-free
α-MEM. Approximately 24 hours later, the supernatant containing osteoclastogenic factors was
removed and centrifuged (300X g) for 10 min. The supernatant, conditioned medium, was
aliquoted (5 ml) and frozen at -20 °C for future use in the transwell assay.
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2.3.2 CM Prepared from OC Growth on a Decellularized Matrix
Pre-OCs (2.5 x 105 cells/cm2) were differentiated for 6 days on a decellularized MC-3T3
derived matrix in a 100 mm2 dish using growth medium supplemented with 100 ng/ml RANKL
and 50 ng/ml M-CSF. Differentiation medium was changed every third day. CM was prepared by
removing the differentiation medium on day 7, washing the culture with PBS, and adding 10 ml
of serum-free α-MEM. Approximately 24 hours later, the supernatant containing soluble
degraded matrix factors was removed and centrifuged (300X g) for 10 min. The conditioned
medium was aliquoted (5 ml) and frozen at -20 °C for future use in the transwell assay.

2.3.3 CM Prepared from OC Grown on a Cellularized Matrix
Pre-OCs (2.5 x 105 cells/cm2) were differentiated for 6 days on a cellularized MC-3T3
derived matrix in a 100 mm2 dish using growth medium supplemented with 100 ng/ml RANKL
and 50 ng/ml M-CSF. Differentiation medium was changed every third day. CM was prepared by
removing the differentiation medium on day 7, washing the culture with PBS, and adding 10 ml
of serum-free α-MEM. Approximately 24 hours later, the supernatant containing soluble matrix
factors in addition to osteoblastic factors was removed and centrifuged (300X g) for 10 min. The
conditioned medium was aliquoted (5 ml) and frozen at -20 °C for future use in the transwell
assay.

2.3.4 CM Prepared from Decellularized Matrix
MC-3T3-E1 pre-OB cells were seeded at a density of 105 in a 100 mm2 dish for
differentiation for 4 weeks. Differentiation medium consisted of 10% neonatal FBS, penicillin
(100 U/ml), streptomycin (100 μg/ml), 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate in
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α-MEM. After 4 weeks of growth, the culture was decellularized (details in Chapter 2.4), and CM
was prepared by adding 10 ml of serum-free α-MEM to the matrix. Approximately 24 hours later,
the supernatant containing factors from an intact matrix was removed and centrifuged (300 g) for
10 min. The conditioned medium was aliquoted (5 ml) and frozen for storage at -20 °C for future
use in the transwell assay.

2.3.5 Osteoblast Conditioned Medium (OBCM)
MC-3T3-E1 pre-OB cells were seeded at a density of 105 in a T150 flask for
differentiation for 20 days. They were maintained in 10% neonatal FBS, penicillin (100 U/ml),
streptomycin (100 μg/ml), 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate in α-MEM and
differentiation medium was changed every third day. After 20 days of growth, differentiation
medium was removed, cells were rinsed with PBS, and serum-free α-MEM was added (20 ml per
T-150 flask). After 24 hour incubation at 37°C and 5% CO2, OBCM was collected, centrifuged,
and aliquoted (5 ml) to be stored at -20 °C for future use in the transwell assay.

2.4 Decellularization
Decellularization was implemented to remove the OBs while keeping the extracellular
matrix intact. Two 100 mm2 tissue culture dishes of MC-3T3-E1 grown for four weeks were
decellularized with sterile filtered deoxycholic acid (12 mM deoxycholic acid in 10 mM Tris –
HCl pH 8). The MC-3T3-E1 cells were maintained in 10% neonatal FBS, penicillin (100 U/ml),
streptomycin (100 μg/ml), 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate in α-MEM and
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differentiation medium was changed every third day. The decellularization process of the fourweek-old OB-derived matrix, first entailed washing the dishes once with 8 ml of PBS. Next, 8
mL of sterile filtered deoxycholic acid was added to each dish, and the dish was incubated at 4⁰C
for 10 minutes. Following the decellularization, the deoxycholic acid solution was removed and
the dishes were washed with PBS four times to ensure that all of the cells had been removed. One
retained matrix was used to make matrix CM, while OC pre-cursors were added to the other for
differentiation atop the extracellular matrix.

2.5 TRAP Staining
Under normal cellular conditions, OCs, activated macrophages, and neurons highly
express TRAP, a glycosylated monomeric metalloenzyme [22]. TRAP can be distinguished from
other mammalian phosphatases by its characteristic deep maroon-purple color when combined
with TRAP staining solution and resistance to inhibition by tartrate which is the basis of this
TRAP staining [22]. OCs release TRAP during bone resorption, and this enzyme can often be
used to classify these differentiated cells [22]. Cells were rinsed with PBS and fixed in 10%
formalin in PBS for 15 minutes. Then, TRAP staining was performed on all OC cultures to ensure
viable OC formation. The Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma Aldrich) was used,
and the Sigma Aldrich procedure was followed to perform the stain.
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2.6 Transwell Migration Assay
The transwell assay was implemented to quantify cancer cell migration to possible
soluble chemoattractants.. The FluoroBlok transwell inserts (BD Falcon, USA) with an 8.0 μm
pore size membrane which served as a gate for cells and medium to disperse between top and
bottom chambers (Figure 2.1) were used in the experiment. 5 x 104 GFP-231 breast cancer cells
were added to the top chamber in 1 ml of serum-free α-MEM. The bottom chamber contained
either differentiated OCs (reference to Chapter 4) or various types of CM (reference to Chapter
5). The CM was added to the bottom chamber at 50% concentration (diluted with 50% α-MEM).
The assay was allowed to run in an humidified incubator at 37°C and 5% CO2, and after 24 hours
(Chapter 4) or 6 hours (Chapter 5), the plate was removed from the incubator in order to obtain
the membrane containing migrated cancer cells. First, the medium was removed from all
chambers, and the insert was separated from the well. The insert was washed with PBS to
remove any medium that would hinder the fixation. The membranes were fixed for 15-20 minutes
using 4% paraformaldehyde in PBS to preserve the cancer cell GFP signal. The insert was
washed following fixation and stored in PBS to prevent the membrane from drying out. A size 11
steel surgical blade was used to remove the membrane from the transwell insert. Upon removal,
the membranes were immediately mounted with the side facing the bottom chamber up on
Superfrost premium microscope slides (Fisher Scientific, USA) using Flouromount-G (Southern
Biotechnology Associates, Birmingham, AL) and 24 x 50 mm cover glasses (Corning, USA). The
bottom chambers containing OCs were TRAP stained for analysis.
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Figure 2.1 FluoroBlok Transwell Migration System

Figure 2.1: Schematic diagram of transwell assay depicting top chamber and contents, bottom
chamber and contents, and 8 micron porous membrane as a means for migration of cancer cells to
potential chemoattractants in the conditioned media. 5 x 104 MDA-MB-231 GFP cancer cells in 1
ml in top chamber and 1 ml of 50% CM diluted with α-MEM in the bottom chamber.

2.7 Statistical Analysis
Migration of 231-GFP cancer cells was analyzed using Prism (GraphPad Software, Inc.).
Specifically, one-way ANOVA was used to analyze the number cancer cells that migrated per
field. Bonferroni’s post hoc test was used to compare the variable conditions to the control
groups. Statistical significance was deemed by a p-value < 0.05 (* < 0.05 for control group x; # <
0.05 for control group y).
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Chapter 3
Pilot Experiment: Maximization of Multi-nucleated OC Formation

3.1 Experiment Rationale
M-CSF and RANKL are essential factors for osteoclastogenesis [23]. However, other
factors such as type of serum, concentrations of M-CSF and RANKL, number of days exposed to
M-CSF, and number of days allowed for differentiation may also play a role in the formation of
TRAP positive multi-nucleated OCs in vitro. In order to determine the conditions under which
there is maximal OC formation in culture, a pilot experiment was conducted. The initial number
of OC pre-cursors seeded was kept constant at 2.5 x 105 cells/cm2. Two 24-well plates of OCs
were prepared to test multiple combinations of conditions and factors (Table 3.1).

Table 3.1 Various Conditions for Maximization of OC Differentiation
Day of Peak
OC Formation

Days of
Exposure to
M-CSF

Concentration
of M-CSF

Concentration
of RANKL

Lot # of Serum
Type (Protein
Source for
Cells)

Day 6

3 days

25 ng/ml

50 ng/ml

Sigma
61K8406

Day 8

Entire period of
differentiation
(continuous)

50 ng/ml

100 ng/ml

Sigma
123K8409

The pilot experiment served to present any qualitative differences in multi-nucleated TRAP
positive OC formation. Conditions were varied to accommodate varying combinations of each
different variable. Each condition was tested in combination with all other conditions. TRAP
staining was done on the indicated Day of Peak OC Formation. The primary OCs were TRAP
stained, and multi-nucleated cells (n > 3) were quantified.
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Certain conditions were eliminated from quantification due to extremely poor OC formation in
comparison to the top contending conditions. The wells were tested for OC formation by
identification of the number of TRAP multi-nucleated TRAP positive cells per field counted.
Wells from the particular conditions that did not show comparable OC formation to the best
conditions were not quantified. The most competitive combinations of conditions were quantified
in order to determine the most ideal condition for in vitro OC growth and differentiation. The
results of this experiment provided the ideal conditions for OC growth that were implemented as
growth conditions in future experiments to ensure maximal OC formation.

3.2 Results
Varying the OC differentiation conditions did not present any significant increase in
multi-nucleated OC formation (Figure 3.1). No one condition tested was significantly more
suitable than the other comparable conditions that were tested. However, on average, OC
formation peaked on day 8 in differentiation medium supplemented with 10% FBS (Sigma
123K8409), continuous presence of 50 ng/ml M-CSF, and 100 ng/ml RANKL throughout the
differentiation period. Therefore, this condition was chosen for all future experiments involving
OC culture. The least desirable conditions were those in which the concentration of M-CSF was
only 25 ng/ml, the concentration of RANKL was only 50 ng/ml, and M-CSF was only
supplemented for the first 3 days of differentiation. It is important to note that because the

primary bone marrow isolates do not yield a pure culture of OC precursors, the culture may
in fact contain pre-OCs, stromal cells, and pre-OBs. Hence, the presence of these cells and
their secreted factors can induce osteoclastogenesis in vitro without the supplementation of
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M-CSF and RANKL. The additional pool of growth factors from primary cells makes it
difficult to standardize OC formation in vitro.

multi-nucleated
TRAP+ cells/field

10

61K 50/50
61K 50/100
123K 50/50
123K 50/100

8
6
4
2
0

6

8

Peak Day of Differentiation
Figure 3.1. Effects of Various Growth Conditions on OC Formation. Varying the
differentiation period, days of exposure to M-CSF, concentrations of M-CSF and RANKL, and
lot serum can present variations in OC culture. OC were differentiated for either 6 or 8 days in
different combinations of conditions. Medium was changed every third day. At the end of the
indicated differentiation period, the culture was TRAP stained and OCs were counted. These
conditions included serum types Sigma 61K8406 (61K) and Sigma 123K8409 (123K) with
continuous supplementation of either 50 ng/ml M-CSF and 50 ng/ml RANKL (50/50) or 50
ng/ml M-CSF and 100 ng/ml RANKL (50/100). The number of multi-nucleated (> 3 nuclei) OC
were counted in 10 fields at 20X using a Hund Wetzler W1352 inverted microscope. There was
no statistical difference among the conditions; however, the trend among duplicates indicated that
on average there was maximal OC development on Day 8 of differentiation in medium with 10%
Sigma 123K8409 FBS in the continuous presence of 50 ng/ml M-CSF and 100 ng/ml RANKL.
Shown are the averages of each condition done in duplicates (n = 2). Error bars represent mean ±
SEM. Values were statistically analyzed with a one-way ANOVA with Bonferroni’s post test.
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Chapter 4
Migration of Cancer Cells to Differentiated OC

4.1 Experiment Rationale
The spread of cancer to secondary sites such as bone entails a change in morphology
coupled with directional signals from the site [18]. Uncontrolled cancer cell growth and the
presence of secreted growth factors such as epidermal growth factor (EGF), FGF, and IGF at the
primary tumor site, result in hypoxia at the tissue of origin [24]. The presence of these growth
factors then activates cancer associated fibroblasts (CAFs) which contribute to a variety of factors
in the metastasis process [24]. Most importantly, CAFs induce epithelial–mesenchymal transition
by high production of TGF-β [24]. This change in morphology contributes to the invasive nature
of the metastatic cancer cells which are free to travel to distant organs through the systemic
and/or lymphatic circulation [24]. As the cells travel, chemoattraction theory of site specific
metastasis suggests that particular cells of the secondary tumor microenvironment attract these
circulating mesenchymal tumor cells [18].In order to partake in such a phenomenon, OCs must
usually be mature and able to actively resorb the bone through the production of H+-ATPase and
cathepsin K [13].
In this present study, in order to determine the chemotactic role of OCs in site-specific
metastasis, M-CSF and RANK-L were used to promote maturation of the primary OC bone
marrow precursors in vitro in the bottom well of a transwell migration assay. After 7 days of
differentiation in growth medium supplemented with M-CSF and RANKL, OCs were cultured in
1% FBS growth medium and 10% FBS growth medium to note any possible effects of FBS
concentration on migration of cancer cells. The other bottom wells contained 1% FBS medium or
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10% FBS medium as negative controls or 1% FBS OBCM or10% FBS OBCM as positive
controls. All CM were diluted to obtain a final 50% concentration. The top wells were seeded
with 231-GFP breast cancer cells, and the assay was incubated for 24 hours. This chapter presents
quantitative data from transwell migration assays of cancer cells to primary OCs in the bottom
well of a transwell migration chamber.

4.2 Results
The three trials of this experiment suggest that the presence of mature OCs is not
chemotactic to metastatic breast cancer cells. In the first trial, the presence of OCs in 10% FBS
media in the bottom well significantly increased cancer cell migration when compared to 10%
FBS medium alone. However, the same results were not seen in the repeated experiments. This
lack of increase in migration may be due to the inability to standardize OC formation from wellto-well. The OC were derived from primary bone marrow precursors and the maturation and
fusion of the OCs is rather unpredictable. Experiments using CM were conducted to control for
this variation and also, further classify the potential chemoattractant between OCs and metastatic
breast cancer cells.
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Figure 4.1 Primary Murine OCs had No Effect on Migration of MDA-MB-231 Cancer Cells
in Vitro

A.

B.
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C.

Figure 4.1. Primary Murine OCs had No Effect on Migration of MDA-MB-231 Cancer
Cells in Vitro. OC were plated in the bottom chamber and allowed to differentiate for 6 days
under the predetermined growth conditions from the pilot experiment (details in Chapter 3.2). On
Day 7, the medium was changed to contain either 1% FBS or 10% FBS. OBCM as a positive
control was also added to the bottom chamber of a transwell plate at 50% concentration with
either 1% FBS or 10% FBS. Additionally, 1% FBS or 10% FBS growth medium as negative
controls were added to the bottom chambers. MDA-MB-231 cells were plated (5 X 104 cells
/well) in the top chamber of the 24-well transwell assay plate. Cultures were maintained at 37° C
and 5% CO2 in a humidified incubator. After 24 hours, the transwell inserts were removed,
membranes were, washed in 1X PSB, fixed in 4% paraformaldehyde, and mounted on
microscope slides for quantification of the cells on the underside of the membrane. Each
condition was done in quadruplicates (n = 4). Error bars represent mean ± SEM. Values were
statistically analyzed with a one-way ANOVA with Bonferroni’s post test. * = p < 0.05,
compared to 1% FBS negative control. # = p < 0.05, compared to 10% FBS negative control.
Leitz Dialux 20 fluorescent microscope was used to count migrated cancer cells. (A) Trial 1: 10
random fields were counted at 25X magnification , (B) Trial 2: 10 random fields were counted at
25X magnification, and (C) Trial 3: 20 random fields were counted at 40X magnification.

30

Chapter 5
Migration of Cancer Cells to CM from OC Differentiating in Various
Conditions

5.1 Experiment Rationale
In order to address the issues surrounding the standardization of OC formation, various
types of conditioned media were used soluble factors from OCs growing in different
environments were tested on cancer cell migration. The goal was to classify the origin of potential
soluble chemoattractant factors between OCs and metastatic breast cancer cells and observe if the
CM from OCs caused an increase in cancer cell migration. The following types of conditioned
medium/controls were added to the bottom chambers of the transwell migration assay, and all
CM were diluted to 50% in α-MEM:

Table 5.1 Bottom Well Conditions for CM Transwell Migration Assay of Cancer Cells
Bottom Well Contents

Soluble Factors Present

CM from OC growing on TCP

OC-specific factors

CM from OC growing on Decellularized
Matrix
CM from OC growing on Cellularized
Matrix

Combination of OC/OB/Degraded Matrix
factors

Matrix CM

Intact Matrix factors

OBCM

OB-specific factors (positive control) [20]

α-MEM

Baseline factors (negative control)

Actively Degraded Matrix factors

Various types of conditioned media contained soluble factors from OCs differentiating in
different controlled environments. These conditions would allow classification of the potential
chemoattractant between OC and metastatic breast cancer cells
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5.2 Results
CM from OC differentiating on TCP, decellularized matrix, and cellularized matrix were
used in a transwell migration assay to deduce whether soluble factors from OC elicited a
chemoattraction for breast cancer cells. The four types of CM tested did not show a significant
increase in the migration of MDA-MB-231 cells (Figure 5.1) compared to the α-MEM control.

Figure 5.1. Various Types of CM from OC Did Not Have an Effect on Migration of MDAMB-231 Cancer Cells in Vitro. CM from OCs differentiating in different culture environments
had no significant effect on MDA-MB-231 cancer cell migration. As described in the methods
section (Chapter 2.3), CM was collected from OC growing atop TCP, decellularized matrix, and
cellularized matrix and added to the bottom chamber of a transwell plate at 50% concentration
(diluted with 50% α-MEM). Intact matrix CM, OBCM as a positive control, and α-MEM as a
control were also added to the bottom chambers. MDA-MB-231 cells were plated (5 X 104 cells
/well) in the top chamber of the 24-well transwell assay plate. Cultures were maintained at 37° C
and 5% CO2 in a humidified incubator for 6 hours. The transwell inserts were removed,
membranes were, washed in 1X PSB, fixed in 4% paraformaldehyde, and mounted on
microscope slides for quantification of the cells on the underside of the membrane. 20 random
fields were counted at 40X magnification using the Zeiss Axiovert. Each condition was done in
quadruplicates (n = 4). Error bars represent mean ± SEM. Values were statistically analyzed with
a one-way ANOVA with Bonferroni’s post test. * = p < 0.05, compared to α-MEM negative
control.
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Figure 5.2. Transwell FluoroBlok Membranes Containing Cancer Cell Migration for
Different Types of CM. MDA-MB-231 GFP cancer cell migration observed on fluorescent
membrane. Pictures were taken at a 10X magnification using a Zeiss Axiovert. Cancer cells
expressed GFP. Membranes are from the transwell inserted into the bottom chamber filled with
CM from (A) OC on TCP, (B) OC on DC matrix, (C) OC on cellularized matrix, (D) intact
matrix, and (E) OB and a control of (F) α-MEM. OBCM served as the positive control and had
significantly greater migration of cancer cells compared to the control. There was no significant
effect of the other types of CM that were tested on cancer cell migration (Figure 5.1).
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Chapter 6
Discussion
The chemoattraction theory of site-specific bone metastasis holds that particular cells of
the secondary distant site chemoattract circulating cancer cells to the bone microenvironment
[18], [25]. Literature and earlier work in our laboratory presented OBCM as a potent
chemoattractant for cancer cells in their migration [20]. There are many intricate cellular
interactions among the principal bone cells that mediate growth and activity. Communication
between OBs and OCs is vital to the regulation of normal bone homeostasis. This crosstalk,
however, can be interrupted or altered when cancer cells enter the microenvironment. The
interactions between OBs and cancer cells yield factors that bring about OC-mediated bone
destruction in patients with bone metastasis. The direct relationship between OCs and the
invading cancer cells still remains unclear. Previous data from our laboratory suggested that
soluble factors related to OCs may also have a chemotactic role in breast cancer invasion of the
bone. The results of this in vitro study indicate that primary murine OCs and their associated
soluble factors did not affect the migration of human metastatic breast cancer cells in a transwell
migration system.
In one experiment, (Chapter 4), OC pre-cursors were differentiated for 6 days in growth
medium supplemented with M-CSF and RANKL in the bottom well of a transwell plate. On day
7, the medium and cytokines were removed and replaced with either 1% FBS or 10% FBS growth
medium. Baseline controls of 1% FBS growth medium and 10% FBS growth medium and
positive controls of 50% OBCM in 1% FBS growth medium and 50% OBCM in 10% FBS
growth medium were also plated in the bottom chamber. MDA-MB-231 GFP cancer cells were
seeded in the top chambers of the migration assay, and the assay was run for 24 hours. The results
represented data from three separate experimental trials. Trial 1 of the transwell migration assay
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indicated that OCs that were placed in 10% FBS medium showed significantly increased
migration as compared to both the 1% FBS growth medium control and 10% FBS growth
medium control. However, the OCs placed in 1% FBS medium did not affect cancer cell
migration which may suggest that FBS concentration may play a role in OC viability or the FBS
gradient itself may be affecting the migration of the cancer cells. The literature indicates that FBS
does have chemotactic behaviors towards type of metastatic cancer cells. Specifically, researchers
showed the marked increase of human U251n glioma cells chemotactic migration toward medium
containing FBS [26].
Trials 2 and 3 did not depict the same increase in migration of the cancer cells due to the
presence of primary OC in 10% FBS medium. All conditions remained constant throughout the
trials; however, in trial 3, 20 fields at 40X were counted rather than 10 fields at 25X in order to
gain a better representation of the migration through the porous membrane. The inconsistency
among trials can possibly be attributed to the inconsistency and randomness of OC fusion and
formation. Since the OC precursors were derived from a primary culture, it is not possible to
standardize OC formation between the various wells of replicates. Qualitative analysis of the
different bottom chambers containing TRAP stained cells, presented irregular OC formation.
Since more or fewer OC can be paralleled to higher or lower concentrations of the potential
soluble chemoattractant, this was hindrance in experimentation that needed to be addressed to
control for any variations in the bottom well of the transwell assay.
The issue of standardization was avoided by using bottom chambers with various types of
conditioned medium from OC differentiating atop different surfaces in the second experiment
(Chapter 5). CM was collected from OC differentiating on TCP representing soluble factors that
are OC-specific. CM was collected from OC differentiating and actively resorbing atop a
decellularized matrix producing soluble matrix factors. The extracellular matrix produced by the
MC-3T3-E1 OBs is comprised of the macromolecules proteoglycans and fibrous proteins [27].
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Collagens, elastins, fibronectins and laminins make up the majority of the fibrous proteins with
collagens being the most abundant [27]. Additionally, CM was collected from OC differentiating
with OBs and their extracellular matrix. Lastly, intact decellularized matrix CM, OBCM, and αMEM were used as controls for comparison.
As per the hypothesis, the CM from OCs growing on a decellularized extracellular matrix
was expected to elicit the greatest migration of cancer cells. The particular hypothesis was
suggested due to the characteristic activity of OC degrading the matrix and releasing matrixderived macromolecules such as collagen into the supernatant. Theoretically, there would be a
gradient of these factors surrounding the active OC which would be chemoattractive to the cancer
cells. Collagen is the main structural component of the extracellular matrix [27]. It provides
resistance to breaking under tension, regulation of cellular adhesion, direction for some tissue
development, and chemotactic migration of cells [27], [28]. Previous work by Mundy provided
evidence that the collagen molecule which contains a series of glycine and proline amino acid
residues serves as a chemotactic signal for cancer cells [29]. His data indicate that the soluble
chemotactic factor is released during extracellular matrix degradation by OCs [29]. However, the
results of this present study did not indicate a significant increase in migration of cancer cells to
either soluble OC-specific factors or soluble matrix factors compared to the negative control
(Figure 5.1). The data do not appear to distinguish if the chemoattractant between primary
metastatic breast cancer cells is either a soluble matrix factor or a soluble OC-specific factor.
Unlike the relationship between OCs and cancer cells, OBs and cancer cells communicate
through a soluble factor and receptor relationship. Like most other normal cells, breast cancer
cells also express receptors that can find certain soluble factors to facilitate their migration to
niches of nutrients and factors that will help launch these circulating cells into invasion secondary
site tumors [30]. Several chemokines such as SDF-1, CCR7, and RANKL that are released from
the bone microenvironment, have been studied for their role in inducing chemoattraction and
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homing of tumor cells to the bone through various G-protein-coupled chemokine receptor
pathways [30]. The normal cells of the breast permanently express levels of CXCR4 that bind to
the ligand SDF-1; however, breast cancer cells have been shown to have a higher level of
expression of this receptor [30], [31]. The most common sites of bone metastasis include the lung,
liver, bone marrow and lymph nodes, and these tissues are found to express high levels of SDF-1
which may suggest a pertinent role of SDF-1/CXCR4 in allowing breast cancer cells to dwell to
the bone [30], [32]. Moreover, breast cancer cells that express high levels of the receptor CCL21
have been shown to directionally migrate to the chemokine CCR7 that is found in high
concentrations in the lymph node and other popular metastatic sites [30], [31] . Additionally,
cancer cells containing the RANK receptor can be affected by the presence of the OB-secreted
factor RANKL which has the potential to mediate migration of breast, melanoma and prostate
cancer cells to the bone microenvironment [30], [33], [34]. Chemokines have been documented as
promoters of not only migration of cancer cells but also of their survival, proliferation, and
adhesion to secondary sites [30].
The chemoattraction of breast cancer cells towards the multi-nucleated primary OCs
observed by Krishnan in his tri-culture bioreactor studies may in fact require cell-to-cell contact
[1]. Cancer cells are classified as cells that express and possess adhesion molecules that may
coordinate and regulate their physical interactions as they travel throughout the bone
microenvironment [30]. Different proteins as such integrins, annexin II, bone sialoprotein, and
osteopontin are intricately associated throughout cancer cell metastasis and migration [35], [36],
[37]. Specifically in the case of integrins, breast cancer cells attach to the fibronectin of the
extracellular matrix via integrins, and in turn, this interaction causes an increase in the production
of matrix metalloproteinase-2 from fibroblasts which assists in tumor cell invasion [38], [39].
Therefore, the chemoattractant in this scenario may in fact be associated with ligand factors that
entail physical contact between the cancer cells, OCs, and extracellular matrix in order to induce
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migratory effects. This realm of ligand factors is possible area for future experiments to test
migration of cancer cells to OC in an in vitro tri-culture of OCs, OBs and their extracellular
matrix, and cancer cells. For future experiments, a device such as the Keyence All in One
Fluorescence Microscope and its multi-point, multi-color, Z-stack time lapse function may be the
best model to reproduce what Krishnan observed in the 3-D bioreactor culture [1]. Once the type
of chemoattractant has been classified, further studies that eliminate or block the effects of
individual substances in that category may help identify the chemoattractant at play in this
phenomenon.
Since there multiple levels of mechanisms and regulation involved in the spread of cancer
cells from the primary site to the distant secondary site, it is difficult to simulate and study breast
cancer metastasis to bone in vitro. Novel migration systems, such as the FluoroBlok transwell
inserts, aid in combating some of the issues with in vitro migration studies. However, as also
noted by Mundy in his chemotaxis studies of collagen, technical problems arise due to the tight
adherence of tumor cells to one another in clusters and attachment issues to certain culture dish
surfaces that limit or prevent migration [29]. Widespread studies indicate the phenomenon of
chemoattraction in bone metastasis and the subsequent vicious cycle as a potential targets for
drug treatments. Treatments that serve to inhibit or minimize tumor cell adhesion, invasion, and
growth may ameliorate the detrimental symptoms associated with bone metastasis. Therefore,
prophylactic and therapeutic administration of these future drugs to breast cancer patients that
hold a high risk of bone metastasis might not only be a form of preventive care, but may also
prolong their survival and increase the patients’ quality of life.
In summary, data from the experimentation described in this thesis highlight that simply
the presence of OC in the bottom chamber of a transwell migration assay does not elicit a
consistent increase in migration of MDA-MB-231 human metastatic breast cancer cells.
Furthermore, conditioned medium of actively resorbing OCs did not contain any different soluble
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factors than the conditioned medium of non-resorbing OCs in regard to the chemoattraction of
cancer cells to OCs in an in vitro transwell assay [1]. The presence of soluble factors from OC
differentiating on top of TCP, decellularized matrix, or a cellularized matrix did not affect cancer
cell migration. The response to these conditions was not significant in comparison to the control.
Since the chemoattractant was not classified as a soluble factor using the in vitro transwell assay,
it can be proposed that cancer cell to OC direct contact is required for this chemoattraction
phenomenon to occur. OBCM possibly contains soluble factors such as SDF-1 and inflammatory
cytokines that may induce the increase in migration of MDA-MB-231-GFP cancer cells [20],
[30]; however, the chemotactic role OC in migration of cancer cells may be executed through
ligand factors that require cell-to-cell contact. The results of this experiment emphasize the interdependent role of the principal bone cell types, OBs and OCs, in the invasion of breast cancer
cells to the bone and the vicious cycle that results once these cancer cells are localized in the bone
microenvironment.
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Appendix A
Isolation of Primary Murine OC Precursors
Bone marrow from the femurs and tibias of adult (~ 4-6 month old) DsRed mice was
used to isolate precursors for primary OCs. Differentiation was induced by supplementation with
50 ng/ml M-SCF (PeproTech; Rocky Hill, NJ) and RANKL 100 ng/ml (gift from AMGEN®,
Thousand Oaks, CA) with every medium change every 3 days. Cells were allowed 6-7 days of
differentiation between they were used in the transwell assay or to make CM. After the assay was
complete or CM was collected, the primary OCs were TRAP stained for qualitative analysis and
identification.
Murine OC isolation protocol (adapted from [40])
1. Femurs and tibias were removed from mice [B6Cg-Tg(ACTB-DsRed*ms)1 Nagy/J,
Jackson Laboratories, Maine, US].
2. Bones were cleaned using sterile gauze and placed in sterile PBS on ice to maintain bone
marrow viability.
3. In a sterile tissue culture environment, the ends of the bone were cut with scissors and the
bone cavity was flushed with 15 ml sterile 1X PBS using a 27 gauge needle and 1 ml
syringe.
4. The flushed material from the femurs and tibias were pooled together and centrifuged at
300Xg for 10 minutes to form a pellet. The supernatant was discarded..
5. The pellet was re-suspended in Red Blood Cell (RBC) Lysis Buffer (8.024 g NH4Cl,
1.001 g KHCO3, 0.037 g EDTA in 1 L ddH2O) and allowed to sit for 5 minutes.
6. The cells were centrifuged at 300Xg for 10 min to form a pellet.
7. The supernatant was discarded and the cells were resuspended in 10 ml of OC growth
medium [10% neonatal FBS (Sigma Lot#123K8409), Penicillin (100 U/ml),
Streptomycin (100 μg/ml) in α-MEM] overnight for 24 hours.
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8. After 24 hours the non-adherent cells were collected, the cells were spun down at 300Xg
for 10 minutes to form a pellet. The old medium was aspirated and the cells were
resuspended in 5 ml of fresh growth medium.
9. The cells were counted using a hemocytometer and plated at 2.5 x 105 cells/cm2.
10. Allow cells to differentiate for 6-7 days in growth medium supplemented with 50 μg/ml
M-CSF and 100 μg/ml RANKL. Differentiation medium changed every third day.
11. Cells could have also been frozen down for future use in 50% freezing medium (20%
DMSO and 80% FBS) in -20ºC.
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Appendix B TRAP Staining
The following procedure was adapted from Sigma Aldrich (Procedure No. 387). The
procedure will yield ~10 ml of TRAP staining solution.

1. 9 ml ddH2O was pre-warmed to 37°C and temperature was checked before use.
2. After fixative solution (10% formalin) is brought to room temperature (18–26°C), the
fixative solution was applied to the cell culture for 10 – 15 minutes.
3. The culture was rinse thoroughly twice in ddH2O and allowed to remain in residual
ddH2O until TRAP staining solution is applied so the wells do not dry.
4. 0.1 ml Fast Garnet GBC Base Solution and 0.1 ml Sodium Nitrite Solution were added to
a test tube. The tube was mixed by gentle inversion for 30 seconds and allowed to stand
for 2 minutes.
5. While gently mixing the following were combined in a 15 ml conical tube:
ddH2O prewarmed to 37°C

9 ml

Diazotized Fast Garnet GBC
Solution from Step 4

0.2 ml

Naphthol AS-Bl Phosphate Solution

0.1 ml

Acetate Solution

0.4 ml

Tartrate Solution

0.2 ml

6. Any residual ddH2O was removed and the staining solution was applied. The dish was
incubated for 1 hour in 37°C water bath protected from light.
7. After 1 hour of incubation, the wells were washed thoroughly in ddH2O. The plate was
sealed with parafilm to prevent wells from drying out.
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