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ABSTRACT
Skeletal development is a tightly regulated homeostatic process that requires proper
functioning of osteoblasts, the bone forming cells, and osteoclasts, the bone resorbing
cells. Improper functioning of either of these cell types results in diseases such as
osteoporosis, osteogenesis imperfecta as well as Paget's disease. Crucial for the proper
maintenance of the skeleton is the bone matrix, which encompasses both organic and
inorganic components. Osteopontin (Opn) is an example of a major non-collagenous
protein present in bone. Its expression is crucial for bone remodeling since it functions in
recruiting osteoclasts for bone resorption and facilitates their adhesion to the bone matrix.
Osteopontin is expressed in variety of cells and functions in facilitating signal
transduction upon engagement of integrin. Osteopontin binds to the αvß3 (vitronectin
receptor) the major integrin expressed on osteoclasts thereby mediating cell adhesion and
migration. As a model to study osteopontin-mediated adhesion we have employed
commercially available osteopontin and the HEK 293 cells that stably overexpress the
vitronectin receptor (Vnr cells). We studied the ability of the Vnr cells to adhere to
different extracellular matrices including osteopontin.
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CHAPTER 1
BACKGROUND
1.1 BONE
1.1.1 Significance of Bone
Over 10 million people are currently affected by osteoporosis in the United States
while another 34 million have been diagnosed with low bone mass and are thus at
increased risk for the disease [1]. The symptoms are characterized by loss of bone
strength due to reduction of bone mineral density [2]. Osteoporosis is most predominant
in the older population and is a result of imbalances in the rate of bone resorption,
regulated by osteoclasts, and bone formation, regulated by osteoblasts [2]. Loss of
trabecular bone and formation of small cracks within the bone structures is characteristic
of osteoporosis. The severity of the disease arises due to fractures caused by osteoporosis
that result in morbidity and mortality [2]. In 2010, health care costs due to osteoporosisrelated fractures have been estimated at over $30 billion [2]. With the current trend
toward an aging population, it is projected that health care costs to treat osteoporosis
related disease symptoms will experience a significant increase. Osteoporosis can be
diagnosed using the standard testing procedure of X-ray Absorbance Spectrometry
(DEXA) [2]. Some of the risk factors include but are not limited to, female gender, age,
low body weight, smoking, Calcium and Vitamin D deficiency as well as smoking [2].
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Paget’s disease is a rare, chronic disease that is characterized by abnormal bone
remodeling resulting in larger and weaker bone than normal [3]. This disease is estimated
to affect about 1 million people in the US, aged 45 and older [3].
Another, less common, bone disease is osteogenesis imperfecta which is due to
underlying genetic mutations that causes the body to produce insufficient amounts of type
1 collagen [4]. The disease progression leads to brittle bones that fracture easily and may
often result in death due to respiratory failure [4].
Bones diseases are a common occurrence and affect a large amount of the
population therefore it is crucial to obtain a better understanding of bone cells and bone
matrix to predict and prevent diseases such as osteoporosis, paget’s disease and
osteogenesis imperfecta.
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1.1.2 Bone composition
The human skeleton is comprised of 206 bones, over half of which are located in
the hands and feet [5] [Figure 1.1.1].Specifically, there are 26 bones in each hand and 27
in each foot [5]. Bone size varies from the microscopic ossicles found in the inner ear to
the 450mm femur [5].

Figure 1.1.1 Skeletal structure. A) Schematic diagram of bones in hand and foot. A
typical hand illustrating the carpals, metacarpals and phalanges and foot showing the
tarsals, metatarsals and phalanges. B) Image showing the human skeletal make-up. [6]
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The skeletal system is composed of cortical bone, trabecular bone and cartilage
[Figure 1.1.2]. The two types of bone differ in their architecture, function, development,
blood supply, turn-over time and age-dependent changes as well as fractures.

Figure 1.1.2 Bone types. Diagram of two types of bone,
spongy bone and compact bone. [7]

Cortical bone or compact bone which is characterized by properties such as
solidity, strength and resistance to bending makes up about 80% of the human skeletal
system [8]. It exerts supportive and protective functions and is mainly found in the shaft
of long bones, the diaphysis [8]. Trabecular bone or sponge bone is mostly located in the
epiphysis and is responsible for resisting tension and forming a low density but high
surface area to allow for arteries to pass [8]. In bone, there exist two major types of cells,
osteoclasts and osteoblasts [Figure 1.1.3].

4

Figure 1.1.3 Main bone cell types. Bone Section
illustrating osteoblasts and osteoclasts, the two main cells
occurring in bone. [9]

Osteoblasts are responsible for bone formation and stimulation of osteoclast
precursor cells [10]. These particular bone cells are commonly found on the surface of
bone or osteoid and synthesize the organic component of the matrix [11]. Osteoclasts are
the second major class of bone cells and are responsible for resorbing mineralized bone
and calcified tissue [12].
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1.1.3 Bonee Remodelin
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[
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The bone remodeling process is initiated when osteoclasts are recruited to the
bone surface via osteoblast signals. The active osteoclasts resorb calcified cartilage and
mineralized bone forming a marrow cavity. Pre-osteoblasts differentiate at the resorption
site and fill the cavity with osteoid. These osetoid cells are finally mineralized to reestablish bone structure [Figure 1.1.5].

Figure 1.1.5 Process of Bone Remodeling. Schematic diagram to illustrate bone
remodeling. Osteoclasts are recruited to the bone surface via osteoblast signals. Active
osteoclastsresorb calcified cartilage and mineralized bone forming a marrow cavity. Preosteoblasts differentiate at the resorption site and fill the cavity with osteoid. Osteoid
cells are mineralized to re-establish bone structure [14].

1.1.4 Bone Matrix
The bone matrix is composed of the inorganic and organic components. The
interaction between these structural components gives bone its characteristic hardness
and resistance [11]. The organic components include collagen fibers, most abundantly
type 1 collagen, and non-collagenous proteins such as osteopontin, bone sialoprotein,
osteonectin and osteocalcin [11]. Approximately half of the dry weight of the bone matrix
is due to inorganic components such as mineral hydroxyapatite [11]. Calcium is an
7

important constituent of the inorganic layer of the bone matrix and its depletion results in
a decrease of the inorganic component and disease symptoms of osteoporosis.
1.2 ROLE OF OSTEOPONTIN IN BONE
1.2.1 Introduction
1.2.2 Osteopontin
Osteopontin (OPN) is a major non-collagenous protein found in bone.
Osteopontin expression is crucial for bone remodeling in that it attracts osteoclasts for
bone resorption and anchors them to the bone matrix [15]. Additionally, it stimulates
resorption by osteoclasts and is involved in the processes of formation, migration and
attachment of osteoclasts [15]. Osteopontin is characterized as an extracellular matrix
phosphoprotein. The protein is primarily found in dentin and bone and is expressed in
normal cells and tissue such as placenta, blood vessels, kidney and osteoblasts [16]. Most
prominently, osteopontin is interacting with tumor cells such as osteosarcoma and tumors
of the blood, and enhances migratory properties of these malignant cells. It has been
found that the protein is evolutionarily conserved most closely in human, rat and mouse
[15]. Osteopontin is composed of 314 amino acids and is a single chain polypeptide that
undergoes extensive post-translational modification [15]. Nascent human osteopontin has
a size of 33kDa which increases to approximately 44kDa after modification in the Golgi
apparatus [15].
OPN is encoded by a single gene and its promoter responds to a variety of
transcription factors [17]. The genetic composition for Osteopontin contains most
characteristically from N-terminal to C-terminal, the Aspartate domain, the RGD
8

sequence, a thrombin cleavage site and the CD44-Binding fragment [Figure 1.2.1]. Found
at the N-terminal is a signal sequence which is responsible for regulating OPN secretion
and is cleaved off once the protein has been secreted [18]. The Aspartate rich region
functions in strongly binding to hydroxyapatite and the RGD conserved amino acid
sequence (arginine-glycine-aspartic acid) is a common integrin binding region [16].
Digestion with thrombin exposes hidden epitopes and facilitates accessibility of the RGD
motif [18]. Cleavage of Osteopontin by proteases (mostly thrombin) generates two
functional fragments, an RGD-containing N-terminal that binds to integrin receptors and
a C-terminal fragment which interacts with CD44 variants [17]. Integrin binding occurs
with native and cleaved OPN, although some cells adhere more strongly to the cleaved
protein [17].

Figure 1.2.1 Structural organization of Osteopontin protein. At the N-terminal, signal
sequence responsible for regulating OPN secretion, cleaved off once the protein has
been secreted. The aspartate rich region strongly binds to hydroxyapatite and the RGD
conserved amino acid sequence (arginine-glycine-aspartic acid) is a common integrin
binding region. Cleavage of Osteopontin by proteases (mostly thrombin) generates two
functional fragments, an RGD-containing N-terminal that binds to integrin receptors
and a C-terminal fragment which interacts with CD44 variants. Integrin binding occurs
with native and cleaved OPN, although some cells adhere more strongly to the cleaved
protein.
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Major functions of Osteopontin include cell adhesion, migration, immune
response, bone calcification and tumor progression [16]. Osteopontin is a vastly versatile
protein, involved in many different physiological processes of molecular and biological
nature. Several molecular functions are cytokine activity, integrin binding and protein
binding while biological functions include cell adhesion, bone mineralization, antiapoptosis and cell-matrix adhesion [15]. The soluble form of the protein works as a
cytokine while immobilized Osteopontin acts an extracellular protein, protecting against
apoptosis and inducing survival and proliferation in several cell types [17]. The
conserved GRGDS amino acid sequence found in Osteopontin is a common site for
integrin binding adhesive proteins and it has been found that it can bind various cell types
in an RGD peptide inheritable fashion [16]. Signal transduction occurs when the protein
binds to integrins and the CD44 receptor using αvß3 (vitronectin) receptors [15]. Integrins
are receptors that are responsible for attaching cells to the surrounding tissue or the
extracellular matrix (ECM). The CD44 receptors are key players for cell signaling similar
to integrins. CD44 is known to be involved in cell adhesion and migration for cancer and
normal cells. For example, binding of osteopontin to osteoclasts occurs through the αvß3
integrin and results in transduction leading to cytosolic calcium fluxes [16].
1.2.3 Cellular Interaction with Osteopontin
Osteopontin is a secreted, adhesive glycophosphoprotein responsible for a variety
of physiological and pathological events including angiogenesis, apoptosis,
inflammation, wound healing and tumor metastasis [17]. The function of OPN is critical
for tumorgenesis and, in bone, it plays an important role in adhesion, migration and cell
10

survival [17]. Osteopontin is a major contributor to cancer mainly due to its antiapoptotic and proliferative effects on malignant cells and also, because of its adhesive
and migratory characteristics [17]. The protein is found to be overexpressed in a variety
of different carcinomas such as breast cancer and is associated with poor prognosis.
Metastasis and invasiveness of tumor cells is a result of increased adhesion and
migration. Cells attach to OPN via integrin binding to αv (ß1, ß3, ß5) and (α4, α8, α9) ß1
while specifically αvß1, αvß3 and αvß5 are RGD-dependent, others rely on other amino
acid sequences [19]. CD44 also binds to cleaved forms of OPN and is RGD-independent
while it requires ß1 containing integrins [19]. Factors contributing to OPN-mediated
malignancy include expression and activity of proteases, growth factor receptors and
epidermal growth factor which are important in tumor motility, invasion and metastasis
[20]. In addition, OPN prevents apoptosis and host immune-mediated destruction [19].
OPN interaction with malignant cells is due to integrin signaling, interaction with growth
factor receptors and non-integrin surface receptors such as CD44 [20].
Migration of highly metastatic and tumorigenic mammary epithelial cells toward
OPN occurs in an αvß3 – dependent way, which is not expressed in normal or less
malignant epithelial cells which migrate using αvß5 and ß1 [17]. Cells expressing αvß3 are
more responsive to OPN which promotes adherence, migration and invasiveness in vitro
and increased tumorigenesis in vivo [17]. OPN induced migration is attributed to at least
two different growth factor/receptor pathways (HGF/Met and EGF ligands/EGF) and a
large variety of various signaling pathways [17]. An increase in invasiveness is directly
correlated with increased motility and protease expression.
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Breast cancer cells adhere to OPN, migrate toward OPN and invade through
basement membrane in response to OPN and are uPA secretion dependent [20]. This
protease is secreted via OPN signaling through the αvß3 integrin [17]. For migration
through the extracellular matrix (ECM), cells must have the ability to digest the ECM
components before migrating through the matrix into adjacent tissue. Increases in OPN
levels lead to invasiveness of the cancer cells primarily due to high levels of protease
expression and cell movement [21]. The human breast carcinoma MDA-MB-435 cells
strongly respond to OPN by cell migration [21]. It was found that high levels of OPN are
present in breast cancer with metastasis to bone [17]. Breast cancer cells are often found
to migrate to bone and cause osteolysis [17]. The development of osteolysis is caused by
tumor cell metastasis to the skeleton due to increased OPN expression by osteoblasts.
Osteolysis is also a common problem in many myeloma patients and increased
OPN expression in osteoblasts/stromal cells and osteoclasts has been correlated to bone
disease [17]. OPN appears to be an important factor in RANKL-mediated bone resorption
and deregulation of OPN could thus contribute to the imbalance in bone homeostasis in
multiple myeloma cases [17].
Prostate cancer cells interact with OPN via αvß3 which results in increased
chemotaxis, invasion and up-regulation of plasminogen activator [17]. This clearly
indicates the importance of OPN and αvß3 in motility on breast and prostate cancer cells
and determine further investigations of the protein to be key in understanding processes
leading to metastasis. The principle is further illustrated by results that showed that OPNdeficient mice display decreased metastasis to bone and soft tissue [17]. Several other
12

studies analyzing the particular role of OPN concluded that protein expression and
responsiveness to increased cancer risks are directly related [21]. However, other
malignant cells may utilize other receptors for malignancy and spreading.
Further research may reveal the role of OPN in tumor metastasis and its
correlation to prognosis. The protein may in the future play a crucial role as a clinical
marker for many cancers such as ovarian, lung, colon, liver, prostate and some others
[21].
1.2.4 293 Vnr cell attachment to osteopontin
Osteoclasts are derived from the hematopoietic stem cell line, while osteoblasts
are of mesenchymal origin [22]. Adhesion, migration and transmigration through
endothelium are directed by cell adhesion molecules crucial to mature cells as well as to
cells during the differentiation process [22]. Cell-matrix adhesion receptors belong to the
family of integrins and are the major class of receptors found expressed by osteoclasts
[22]. Specifically, osteoclasts show a characteristically large amount of vitronectin
receptors (Vnr) expressed on the plasma membrane. Vnr receptors are αvß3 for mature
osteoclasts and αvß5 for immature cells [22]. The advantage of the Vnr receptor is its
versatile nature to bind a wide variety of RGD-containing bone matrix proteins such as
Osteopontin [22]. Binding of Osteopontin to vitronectin receptors elicits a signal
transduction pathway that results in cell attachment.
Similar to osteoclasts, any cell type expressing vitrnonectin receptors can bind
Osteopontin. Cell adhesion can be studied using 293 Vnr cells. Human embryonic kidney
13

293 (HEK 293) cells are well suited for a broad variety of experiments since they are
very easy to culture and transfect. To study osteopontin mitigated attachment, HEK 293
cells transfected to express αvß3 receptors on the plasma membrane, are well suited.
1.2.5 Lac operon system
Bacteria depend on the ability to change food supplies by changing the
concentration of metabolic catalysts according to the available nutrients [23]. In
Escherichia coli (E.coli), glucose remains the main substrate for metabolic pathways
despite the presence of other sugars until glucose is depleted [23]. Then, the bacterium
synthesizes proteins capable of transporting and metabolizing other sugars such as lactose
[23]. The lac operon is an example of a set of inducible genes that are transcribed as a
result of glucose/lactose ratios [23]. This system is designed using a repressor to prevent
transcription and the inducer which facilitates transcription of the encoded genes [23].
The lac operon system can be easily exploited to express target proteins. During
induction, the repressor is removed and production of mRNA can begin to synthesize
encoded proteins [Figure 1.2.2].
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Fig
gure 1.2.2 Lactose
L
Metaabolism. Schhematic of innducible genees that
fun
nction in thee lactose mettabolism. Reepressor bouund to the uppstream
controlling reggion suppressses gene exppression andd can be removed
using allolactoose or IPTG. Binding of inducer releeases the reprressor
an
nd allows forr RNA polym
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thee operon intoo mRNA. Riibosomes binnd to the mR
RNA and thee
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ncoded proteiins are beingg translated. [24]

1.2.6 Prin
nciples of ind
duction
A reprressor actingg in a lac opeeron system exists in two different conformation
c
ns a)
bound to the operator
o
DN
NA inhibitingg transcriptioon of encodeed genes andd b) unable to
bind to the op
perator DNA
A and transcrription beginns. The featuure of a moleecule to existt in
tw
wo states is known
k
as alllosteric mechhanism. For induction too occur, an innducer moleecule
suuch as allolaactose or Isoppropyl β-D-1-thiogalactoopyranosidee (IPTG) is reequired to biind
too the repressor [23] [Figuure 1.2.3]. The
T inducer shifts
s
the disstribution of the two shappes
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of the allosterric repressorr so that the non-DNA
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s
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When
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Figure 1.2.3
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GST) [12] [F
Figure 1.2.4]].
Fusion of the GST tag occurs at the N-terminus
N
o the clonedd gene [16]. The
of
T E.coli
s
s
screen
for thee
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opperon system
m. Furthermoore, the pGE
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G
fuused to the taarget proteinn. The generated proteins are referred to as GST fusion proteeins.

16

Figure 1.22.4 Organizattion of pGEX
X-2T vectorr. Fusion of
glutathionne S-transferaase (GST) too the N-term
minus of the
cloned genne. The vectoor encodes ampillicin
a
reesistance region
and the lacc operon. [266]

1.2.8 Ampillicin Resistance
Ampillicin is a beeta-lactam anntibiotic whiich is highly toxic to baccteria. The
pGEX-2T vecctor containss an ampilliccin resistance region alloowing the selective grow
wth of
I bacteria arre spread ontto LB Ampilllicin plates,,
onnly bacteria that containn the insert. If
tooxicity will prevent
p
grow
wth of any coolonies otherr than those containing the
t inserted
pGEX-2T vecctor.
1.2.9
9 Osteoponttin Fusion Protein
P
Osteo
opontin is a well
w suited taarget proteinn for insertion into pGEX
X-2T vector.
Purification of
o osteopontiin from cell lysates undeer nondenatuuring conditiions can be easily
e
performed using absorption with gluttathione-agarrose beads, followed
f
by elution in thhe
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presence of free glutathione [16]. Furthermore, Osteopontin is a soluble protein and it has
been previously established that it can be prepared in large quantities. Purification of the
native protein from different sources tends to be labor intensive and result in much lower
yield such that 30 mg/liter of E.coli stock would be equivalent to harvesting 800 rat leg
bones, 120 liters of tissue culture medium or 3-10 liters of milk [15]. The human OPN
cDNA was inserted and tagged with 26kDA glutathione-S-transferase (GST) which was
generously gifted by Dr. Meenakshi Chellaiah [University of Maryland, Maryland].
Other objectives, besides purification of Osteopontin fusion protein, included cell
adhesion assays to investigate cell attachment and spreading. Further insight into the role
of Osteopontin may lead to a better understanding of osteoclast functioning and tumor
motility.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Materials
The reagents used for cell culture include minimum essential medium-alpha
modification (α-MEM) and fetal bovine serum (FBS) purchased from Sigma [St. Louis,
MO]. Trypsin (0.5%) and phosphate buffered saline solution (PBS) were obtained from
Thermo Fisher Scientific [Pittsburgh, PA]. Commercial Osteopontin was obtained from
R&D Systems [Minneapolis, MN].
Super optimal broth (SOC) medium was purchased from Invitrogen [Carlsbad,
CA]. Lysogeny broth (LB), LB agar and Urea were ordered from Sigma [St. Louis, MO].
Glutathione-Sepharose-4B resin was purchased from GE Healthcare [Piscataway, NJ].
BCATM Protein Assay Reagent A and Reagent B were obtained from Thermo Scientific
[Pittsburgh,PA]
Blocking Buffer and secondary antibody were purchased from LI-COR [Lincoln,
Nebraska] while primary antibody and Isopropyl β-D-1-thiogalactopyranoside (IPTG)
were purchased from Promega [Madison, WI]. SDS-PAGE gel components including
Acrylamide-Bis-Acrylamide were obtained from Fisher Biotech [Fair Lawn, NJ].
Phenylmethanesulfonylfluoride (PMSF) and protease inhibitor kits were procured from
Pierce [Rockford, IL]. All other general chemicals used for SDS-PAGE gels and cell
lysis buffer such as NaCl, sodium dodecyl sulfate (SDS), ampillicin and Triton-x-100
were obtained from Sigma unless otherwise indicated. TEMED for SDS-Page gels was
purchased from Amresco [Solon, OH] while Lysozyme and Brilliant Blue came from
19

Fisher Biotech [Fair Lawn, NJ]. The GST protein used as a control was obtained from
Suresh Adapala, Ph.D.
2.2 Verification of cDNA of pGEX-2T OPN
The cDNA for pGEX-2T-OPN was obtained from Dr. Meenakshi Chelliah who
has previously worked with this cDNA and has published results using the recombinant
Osteopontin cDNA [27]. After obtaining the cDNA, the pGEX-2T OPN was verified
using sequence analysis with the standard pGEX primer 5’GGGCTGGCAAGCCACGTTTGGTG. The Osteopontin sequence was determined to
completely match with the published OPN sequence.
2.3 Transformation of pGEX-2T vector
For the synthesis of purified GST-OPN fusion protein, the cDNA was used to
transform two strains of E.coli bacteria. The BL21 bacterial strain was used to express the
protein while the Topo 10 was transformed to generate the bacterial stock. The
transformation was achieved using the heat shock method using 1 μL of cDNA and 30 μL
of bacteria. The samples were incubated on ice for 10 minutes and then transferred to a
water bath set at 42˚C for 45 s (Heat Shock). After incubation on ice for another 2
minutes, 300 μL of LB (SOC) medium was added. For 30 minutes, the samples were
incubated with shaking at 37˚C and then 50 μL were smeared on LB-plates with 100
μg/ml ampillicin. The plate with bacteria was kept at room temperature for 5-10 minutes,
before the plates were inverted and incubated at 37˚C overnight [Figure 2.1].
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Figure 2.1 Synthesis of Recombinant GST-OPN fusion protein.
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2.4 Small Scale Fusion Protein Preparation
A small scale expression of the GST-OPN fusion protein was performed by first
selecting individual bacterial colonies from the LB Amp plates and incubating them
overnight in LB/Amp medium at 37˚C with shaking [Figure 2.1]. The sample was then
diluted 1:10 in LB/Amp medium and incubated for another hour at 37˚C with constant
shaking. A small sample of 0.5 mL was removed, centrifuged and the pellet was frozen at
-20˚C to serve as the un-induced control. The remainder of the liquid suspension was
incubated for 4-6 hours with 1 mM Isopropyl ß-D-1-thiogalactopyranoside (IPTG).
After induction, the sample was centrifuged and the pellet frozen until further use.
For verification of the presence of the fusion protein, the pellet was thawed and treated
with 100 μl of lysis buffer (0.02M Tris-Cl (pH=8), 0.15M NaCl, 0.5% Trition-x-100,
protease inhibitor PMSF and phosphatase inhibitors NaF, Na8VO4). To ensure complete
breakdown of the cell wall components, the lysates were sonicated on ice using high
frequency waves 5 times for 30 second intervals. The lysates were then centrifuged at
13,000 rpm for a maximum of 20 minutes at 4˚C. The clarified lysate was combined with
6x SDS-PAGE sample buffer and boiled for 5 minutes and then briefly centrifuged for 23 minutes at 13,000 rpm. The presence of the target protein was verified using 12% SDSPAGE gel. The gel was treated with Coomassie blue staining solution for 30 minutes and
then destained to visualize the presence of the expressed proteins. The gel was scanned
and the image was stored. The contents of the second gel were transferred to a
nitrocellulose membrane by Western blot. The blot was probed with the primary murine
anti-GST antibodies and then with the secondary antibodies. Thus, the presence of GST
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and GST-OPN was attempted to be verified using both the Coomassie staining and the
immunoblotting.

2.2 Schematic overview of obtaining purified GST-OPN protein.

2.5 Large Scale Fusion Protein Preparation
After transformation of Bl-21 bacteria, a large scale culture was prepared to
generate proteins in large amount [Fig 2.2]. The bacteria was grown in 8 ml of LB/Amp
broth (1:10) overnight with constant shaking at 37˚C. Next, 5 ml of the culture were
added to 250 ml of fresh LB/Amp broth and grown for approximately 3 hours until the
optical density (OD) at 600 nm reached 0.6 -0.8. A sample of 0.5 ml was collected to
serve as the negative control and the remainder of the culture was incubated with IPTG
for 5 hours. The sample was centrifuged for 10 minutes at 5000 rpm and the collected
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pellet was frozen overnight at -80˚C, while the supernatant was discarded. The pellet was
thawed and treated with 5 ml of lysis buffer as described above. The samples were
sonicated on ice using 30 sec/pulse for 5-10 times. The lysate was incubated on ice for 10
minutes and then treated with 0.5 ml of 10% Tritonx100 and incubated for an additional
30 minutes at 4˚C before centrifuging for 30 minutes at 4˚C and 10,000 rpm. The
clarified lysate was mixed with 1 ml of 50% glycerol and stored at -80˚C. For immediate
use, 1 ml of the supernatant was incubated overnight at 4˚C with 0.5 ml GSH slurry
(glutathione-sepharose beads). Prior to treating the supernatant with the beads, they were
washed by mixing them with distilled water and end-over-end rocking for 5 minutes at
4˚C. The beads were centrifuged at 500 rpm for 5 minutes at 4˚C and the supernatant was
removed. Then, the beads were incubated with lysis buffer for 5 minutes at 4˚C with endover-end rocking. This last step was then repeated one more time before the lysate was
treated with the equilibrated beads. The GST tagged target protein binds to the
immobilized glutathione ligand which facilitates attachment to the beads [20]. After
overnight incubation, the sample was centrifuged at 1500 rpm and the supernatant was
discarded. Subsequently, beads were washed in buffer (0.02M Tris-Cl (pH=7.5-8.0),
0.5M NaCl, 0.1% Triton-x-100) for 30 minutes at 4˚C. The beads were washed twice
with 0.02M Tris-Cl, 0.15M NaCl, 0.1% Triton-x-100, and lastly the beads were washed
one more time using PBS. The beads were resuspended in 0.5 ml PBS and stored at 4˚C
until used.
The presence of the GST-OPN fusion protein was attempted to verify using SDSPage and the prepared gels were treated with Coomassie for staining and antibodies for
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Western Blotting. Equal volumes of the washed bead mixture and 2x sample buffer were
boiled for 5 minutes before quickly centrifuging at 13,000 rpm. The supernatant was
loaded while the beads collected on the bottom were discarded. Using Coomassie
staining and immunoblotting the presence of OPN-GST could not be sufficiently verified.

Figure 2.3 Large Scale experimental protocol.
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2.6 Cell lysis with urea
For a more complete lysis of the bacteria, the sample was treated with urea (6
molar). The lysis buffer was prepared using a phosphate-BME buffer with 0.5 mg/ml
lysozyme which catalyzes hydrolysis of 1,4-beta linkages and so damages the cell wall of
gram positive bacteria. The cells were resuspended in 10 ml of the prepared buffer
solution and incubated on ice for 30 minutes. The samples were subjected to freeze/thaw
conditions by freezing the tube in liquid nitrogen for 5 minutes and subsequently thawing
rapidly in a 65˚C water bath. This procedure was repeated for a total of 5 times. Then,
6M solid-urea was added and mixed in the cell lysate by end-on end inverting. For all of
the urea to go completely into solution, 10-20 minutes were allowed and then the samples
were sonicated 3 times before increasing the volume to 20ml while still keeping the urea
at a concentration of 6M. The sample was then centrifuged at 12,000 rpm for 10 minutes
and the supernatant was transferred into dialysis cassette.
2.7 Dialysis
Dialysis is a standard method to desalt, buffer exchange and sample
concentration. The cassette membrane is made up of low-binding regenerated cellulose
and has a hermetically sealed chamber to contain the sample. First, the membrane of the
cassette needs to be hydrated in dialysis buffer. Then the cassette is removed from buffer
and the sample is injected by penetrating the gasket with a hypodermic needle attached to
a syringe containing the sample. Each cassette was able to hold between 0.5-3 ml of
sample. The cassette was placed into 2 L of 1x PBS containing 3M urea for at least 6
hours and then transferred into 1xPBS solution containing 1M urea overnight. For
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another 6 hours the sample was dialyzed in a 1xPBS solution to remove any remaining
urea from the sample. The sample was collected from the dialysis cassette and
centrifuged for 10 minutes at 12,000rpm and stored in a 50 ml polypropene tube.
2.8 Protein Estimation
In order to determine protein concentration in induced and uninduced samples,
protein estimation using a commercial kit (Pierce) was performed. To compare protein
expression on a SDS-Page gel, equal concentrations of protein (50 μg/ lane) were loaded.
BSA protein ranging from 2 μg/μl- 0 μg/μl in duplicates was used to establish the
standard curve. To all samples and standards 200 μl a mixture of reagents A and B from
the protein estimation kit was added. The plate was incubated for 30 minutes at 37˚C and
then the absorbance of each sample was determined at a wavelength of 490nm. Using
absorbance, wavelength and known concentrations of BSA, a standard curve could be
determined. From the standard curve, the concentrations of the cell lysate samples were
calculated.
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2.9 Preparation of SDS-Page gels
To verify expressed proteins, 12% running/resolving gel SDS-Page gel was used.
The gel was poured using 1.5mm plates and corresponding 10 well combs to allow for
loading of larger sample volumes. The running gel was composed of H2O, Tris-HCl
(pH=8.8), 30% Acrylamide/Bis-acrylamide, 20% SDS, 10% ammonium persulfate (APS)
and TEMED. A stacking gel of 4% containing a 10-12 well comb was polymerized on
top of the running/separating gel. The polymerized gels were wrapped in wet paper
towels and plastic foil and either stored at 4˚C or were immediately used. The
electrophoresis of proteins was performed at 70 volts until the samples reached the
resolving gel and for further separation the gels were electrophoresed at 90 volts.
2.10 Coomassie Staining
Proteins separated on a SDS-Page gel were analyzed using Coomassie staining.
The gels were soaked in 0.2% Coomassie staining solution for at least 30 minutes. The
staining solution was removed and replaced with destaining solution composed of (95%
Acetici acid, Methanol) The gel was destained overnight so that protein bands were
clearly visible.
2.11 Western Blotting
For further analysis of protein expression, the SDS-Page gel was also transferred
to a nitrocellulose membrane using Transfer buffer (Glycine, Tris Base, Methanol, SDS)
overnight at 35 volts at 4˚C. The western blot was blocked with blocking buffer and then
probed with primary anti-GST antibody, 1 μg/mL overnight. The blot was washed with
TBS-T buffer and then incubated with the secondary antibody, 1 μg/mL for 1 h with
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shaking. The blot was visualized and quantified using the Odyssey scanning system from
LI-COR.
2.12 VNR Cells
2.12.1 Cell culture
The HEK 293 Vnr cells were recovered from a frozen stock and immediately
thawed and suspended in α-MEM containing 10% FBS (complete medium) and
centrifuged at 1000 rpm for 4 minutes. The supernatant was aspirated and 293 Vnr cells
were resuspended in 10 ml complete medium and then plated into a 75cm2 cell culture
flask and incubated in 5% CO2 overnight. A small (100 μl) of the 293 Vnr cells was
combined with equal volume of Trypan blue stain to determine cell viability using the
hemocytometer. Approximately 83% of cells were viable after thawing. Cells were
grown and split after they were 80-90% confluent. To passage cells the spent medium
was removed using vacuum suction and cells were rinsed once with 15 ml of sterile PBS
without calcium and magnesium. The PBS was removed and cells were incubated with
2.5 mL of trypsin for 5 minutes at 37˚C. Trypsin facilitated the detachment of adhered
cells to the tissue culture plastic and cell-cell interactions. Once 95% of the cells were
detached, complete medium was added to the flask and cell suspension was then
centrifuged for 4 minutes at 1000 rpm. The cells were resuspended in complete medium
and plated into new culture flasks.
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2.12.2 Adhesion Assay
For the adhesion experiments cells were seeded onto glass coverslips coated with
various substrates as described as follows. Coverslips were placed in the 24 well dishes
and incubated with either 350 μl of 100% FBS or BSA (0.2 mg/ml) for 1 hour at 37°C.
In some experiments, coverslips were also coated with commercial Osteopontin which
was reconstituted in sterile PBS and was used at 10 or 40 μl/ml. After incubation, excess
substrate from the coverslips was removed. 293 Vnr (10x105 cells/well) were plated. The
plated cells were observed under the microscope at different time points (0 minutes, 15
minutes, 30 minutes, 60 minutes and 120 minutes). After each time point, the excess
medium was aspirated and to each well 500 μl of 3.7% Formaldehyde in PBS was added.
The plate was kept for 30 minutes at room temperature before moving for storage at 4˚C.
Cell spreading was determined by formation of filopodia and lamellipodia as observed
under the microscope. The results were quantated comparing numbers of cells spread to
number of cells attached and graphically represented.
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Chapter 3
RESULTS
Significant amounts of Osteopontin are required to perform cell adhesion and
migration assays. In house availability of large amount of the purified Osteopontin
protein was therefore desirable. To generate recombinant Osteopontin pGEX-2T OPN
cDNA encoding for the GST coupled Osteopontin was obtained from Dr. Meenakshi
Chellaiah [University of Maryland, Maryland]. The control pGEX-2T cDNA, which
encodes for GST protein or pGEX-2T OPN cDNA was used for transformation of BL21
strain of E.coli [28] and grown overnight on LB Amp plates. Single clones were selected
from the bacterial plate and grown overnight in LB medium containing 1:1000
ampicillin.
Verification of experimental procedure was achieved by checking induction on GST
protein [Figure 3.1]. GST samples were loaded onto a 12% SDS-Page gel to the amount
of 50 μg for each sample. The expected molecular weight of GST is approximately 30
kDa.
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Figure 3.1 Verification of the expression of GST protein. Experimental procedure for
the induction of recombinant GST proteins was verified using coomassie staining and
Western blot analysis. Bacterial lysates (50 μg ) were loaded onto 12% SDS-PAGE
gel. After electrophoresis gels were either Coomassie stained or transferred onto
nitrocellulose membrane for Western blot analysis. Left panel: Coomassie stain of the
SDS-PAGE gel. Lane 1 the 1 kB ladder. Molecular weight of proteins (in kDa)
comprising the ladder is indicated. Positive GST protein control (C) was obtained from
Dr. Adapala. Gel was stained with 0.2% Coomassie stain to visualize the proteins. GST
protein (~30kDa) is indicated by arrow. Right Panel: Western Blotting analysis.
Nitrocellulose membranes were probed with anti-GST antibody (1μg/ml). After
washing with TBS-T buffer the blot was incubated with (1μg/ml) of secondary
antibody. The blots were then visualized using the Odyssey system.
Having established the protocol for expression of the recombinant GST protein,
we then proceeded to induce the expression of GST-OPN. The expression of the
Osteopontin fusion protein could be examined using a 12% SDS-Page gel stained with
Coomassie blue and a corresponding Western Blot [Figure 3.2]. The un-induced sample
served as a negative control for all samples while purified GST was used as a positive
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control for GST clones. Both clones for GST expression tested positive while the two
clones for GST-OPN failed to express the target fusion protein.

Figure 3.2 Analysis of the expression of GST and GST-OPN in small-scale samples. Two
independent clones expressing GST proteins or GST-OPN proteins samples were run on
12% SDS-PAGE gels and set up for Coomassie stain or Western blotting. Fifty
micrograms of protein was applied per lane. Samples that were not induced by IPTG
served as negative controls and are denoted with minus (-) sign. All lysates generated from
cultures treated with IPTG are indicated by a positive (+). Left panel: Coomassie stain of
the SDS-PAGE gel as described before. Right Panel: Western Blotting analysis was
carried out as described above.
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The first variable parameter is the time of induction. Therefore, the experiment
was repeated using two different time points. The experimental protocol for successful
induction of GST fusion proteins demands a minimum of 3 hours, therefore 3 hours and 6
hours were chosen as the different time points. The samples were tested for presence of
the target fusion protein using 12% SDS-Page stained with Coomassie blue and the
corresponding Western Blot [Figure 3.3]. Most protein bands appear slightly stronger and
more pronounced in the samples that were kept for induction for 6 hours but while GST
expression was present, no GST-OPN could be observed.

Figure 3.3 Induction of the GST proteins in a time course dependent manner. GST or
GST-OPN was induced with 1mM IPTG for the indicated time points. The time point
0 indicates a negative control that was not induced while 3 and 6 denote hours of
induction respectively. The samples (50 μg) were run on 12%SDS-PAGE gels and
either stained with 0.2% Coomassie staining solution or set up for transfer to
nitrocellulose membrane. Left panel: Coomassie stain of the SDS-PAGE gel as
described before. Right Panel: Western Blotting analysis as described before. Red
arrow indicates GST protein.
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Next, we attempted to express GST-OPN using varying concentration of the
IPTG. According to standard protocol, 1 mM of IPTG should be sufficient for the
induction of the proteins however in several instances increased concentration of IPTG is
also reported in the literature. We employed three different concentrations (0.5 mM, 1
mM and 1.5 mM,) to induce expression of the recombinant proteins. As demonstrated in
Fig 3.4 expression of GST protein was achieved in all conditions however, GST-OPN
expression remained absent [Figure 3.4].

Figure 3.4 Induction of the GST proteins using different concentration of IPTG.
Bacteria expressing GST or GST-OPN were either left untreated (0) or were induced
with IPTG (0.5, 1 or 1.5mM) for 6h at 37 C. Cell lysates (50 μg) were
electrophoresed on 12% SDS-PAGE gels and either stained with 0.2% Coomassie
staining solution or set up for western blotting. Left panel: Coomassie stain of the
SDS-PAGE gel as described before. Right Panel: Western Blotting analysis as
described before.

35

Next, the cell lysis conditions were modified to eliminate the possibility of the
target protein getting trapped in the bacterial cell wall as well as in inclusion bodies.
Lysis buffer activity was supplemented with sonication, a method that uses ultrasound to
disrupt biological membranes. Cell lysis buffer was added to the sample and kept on ice
for 10 minutes before sonicating approximately 5 times for 20 seconds each. After
centrifuging the samples, the cell lysates were collected and ran on a 12% SDS gel that
was stained with Coomassie blue and transferred to a corresponding Western Blot.
However, presence of GST-OPN was not seen.
Since the small-scale preparation did not yield any results verifying the
expression of the osteopontin fusion protein, a large-scale preparation was prepared to
check whether the small scale resulted in GST-OPN expression that was too hard to
detect amongst other highly over-expressed proteins. A standard procedure for GST
fusion proteins for large-scale preparation was followed. Both colonies for GST alone
and GST-OPN were utilized and screened for presence of GST and GST-OPN
respectively [Figure 3.5]. Successful induction could be shown in the GST sample,
however no Ostepontin fusion protein was observed with either Coomassie staining or
Western Blotting.

36

Figure 3.5 Analysis of protein expression in large scale samples. Two GST-OPN
samples (50 μg each) and one GST sample (50 μg) were tested for protein expression
on a 12%SDS-PAGE gel. The positive control is GST and +, - represent induced and
uninduced samples respectively. The gels were set up for either Coomassie staining or
transfer to nitrocellulose membrane. Left panel: Coomassie stain of the SDS-PAGE
gel as described before. Right Panel: Western Blotting analysis as described before.

Before proceeding, the large scale samples obtained were affinity purified using
glutathione beads. If any GST and GST-tagged fusion protein was present it would bind
to the glutathione beads and the remainder of the proteins can be eluted. The beads were
suspended in PBS and boiled off before the sample was electrophoresed on a 12% SDS
gel [Figure 3.6]. GST was successfully purified from the large scale sample while no
bands appeared in the GST-OPN lanes either on the Western Blot or on the Coomassie
stained gel suggesting that the cells are not expression enough GST-OPN to bind to the
glutathione beads.
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Figure 3.6 Analysis of presence of protein expression in purified large scale samples.
GST and GST-OPN samples collected from a large scale preparation were purified on
gluatathione sepharose beads and screened for the presence of GST (50 μg) and GSTOPN (50 μg) protein on a 12% SDS-PAGE gel. The gels were set up for either
Coomassie staining or transfer to nitrocellulose membrane. Left panel: Coomassie
another largegel
scale
culture was
prepared
forPanel:
GST and
the fusion
protein.
stainLastly,
of the SDS-PAGE
as described
before.
Right
Western
Blotting
analysis as described before.
To overcome the possibility that the GST-OPN protein is present in the inclusion
bodies formed by protein aggregation the samples were treated with 6M urea to create a
harsher environment for better cell lysis. The objective was again to prevent the target
protein from getting trapped with the cell debris. After dialysis to remove the low
molecular weight urea and obtain an overall more concentrated sample, the large scale
preparations were tested on a 12% SDS gel for Coomassie staining and Western Blotting
[Figure 3.7]. The samples obtained from treatment with urea and subsequent dialysis
where incubated with glutathione beads. The incorporated GST tag for the fusion protein
allows for affinity purification on the beads. Attempts to verify GST-OPN presence
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Figure 3.7 Analysis off presence off purified prootein after ceell lysis using urea.
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293 Vnr Celll Assay
The seecond aim of the projectt was to estabblish adhesioon assay using Osteoponntin
b
annd a cell linee that expressses the recepptor for Osteeopontin. Ossteopontin iss known to bind
too the vitroneectin receptorr, an integrinn composed of the αv andd the ß3 subuunit. The major
m
inntergin expreessed on the bone resorbbing osteoclaast is the vitoornectin receeptor. We chhose
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to study as a model system the HEK 293 cells that overexpress the vitronectin receptor.
This cell line has been characterized and previously used by Dr. Sanjay’s lab [28]. The
first objective was to establish the optimal conditions for the experimental setup
including appropriate cell numbers and time course for cell adhesion.
As a pilot experiment, bovine serum albumin (BSA) (0.2 mg/ml) was first used as a
negative control and fetal bovine serum (FBS) as positive control. Sterile glass coverslips
were incubated with BSA or FBS for 1h at 37˚C. 293 Vnr cells were detached by
trypsinization and centrifuged at 1,000 rpm for 4 minutes. The cell pellet was
resuspended in α-MEM containing 10% FBS. The cells were counted using a
hemocytometer and 10,000 cells were seeded in duplicate or triplicate coverslips placed
in 24 well dishes. Cells were observed using a light microscope at 10x, 20x and 40x
magnifications for the indicated time points [Figure 3.8].
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Figure 3.8 Cell adhesion analysis of 293Vnr cells. 293Vnr cells (10x105 cells
in 250 μl of complete medium were seeded onto glass coverslips coated with
0.2 mg/ml BSA or 100% FBS. Panel A: Cover slips were photographed soon
after plating (0 minutes) at indicated magnifications to verify similar numbers
of cells on all coverslips. Cells were incubated at 37˚C and photographed at
different time points, 30 minutes (Panel B) and 120 minutes (Panel C).
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Cell adhesion was also observed using reconstituted OPN that was commercially
obtained. Two 24 well plates were set up using coverslips coated with FBS as the positive
control, BSA, 0.2mg/ml, as the negative control and OPN, 40 μg/μl. The plates were
observed after a number of time points at 0minutes, 15minutes, 30minutes, 60minutes
and finally at 120minutes [Fig. 3.9]. Similarly, two concentrations of OPN, 40 μg/μl and
10 μg/μl were compared [Fig. 3.10].
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Figure 3.9 Analysis of cell adhesion by replating 293Vnr cells on osteopontin.
293Vnr cells (10x105 cells in 250 μl of complete medium) were seeded onto
coverslips coated with 0.2 mg/ml BSA, 100% FBS or 40 μg/μl Osteopontin
(OPN). Panel A: Cover slips were photographed soon after plating (0 minutes) at
indicated magnifications. Panel B: Photographs of cover slips after 30 minutes of
incubation at 37˚C. Panel C: Coverslips were photographed after 60 minutes of
incubation. Panel D: Cell adhesion on coverslips after 120 minutes.
Quantitative analysis of cell spreading versus cell attachment was conducted using
filopodia and lamellipodia formation as indicator for spreading [Fig. 3.10].
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Figure 3.10 Comparative Analysis for OPN spreading. Comparison of cell spreading
on glass cover slips, revealed that FBS and OPN promote spreading while BSA
promotes adherence but no spreading. Total number of cells spread on BSA was 2,
while FBS and BSA ranged from 40 to 58 cells. Spreading was more prominent on
OPN but over time numbers of cells spread on FBS and OPN evened out.
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Figure 3.11 293 Vnr cell attachment using different concentrations of
osteopontin. 293Vnr cells (10x105 cells in 250 μl of complete medium)
were plated onto coverslips coated with 10 μg/μl or 40 μg/μl of
Osteopontin. Cover slips were photographed soon after plating (0 minutes).
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Figure 3.12 Comparative Analysis for OPN concentration variation. Cell spreading on
Osteopontin was observed at three time points, 30 minutes, 60 minutes and 120 minutes
and cell spreading was compared to attachment. Cell spreading occurred more rapidly on
higher concentration of Osteopontin with 35 cells spread on OPN with 10 μg/μl versus 58
cells spread on OPN with 40 μg/μl. Increased spreading on more concentrated
Osteopontin was consistent over time.
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CHAPTER 4
DISCUSSION
Osteopontin is a well-studied protein whose role in cell adhesion and migration
for different types of normal and cancerous cell line is well established [16]. The role of
osteopontin in the adhesion of osteoclast in vitro adhesion assays is also well established
[16]. As indicated in the introduction section, this extracellular matrix protein contains an
RGD domain that is responsible for facilitating interactions with different types of
integrin. However, vitronectin receptor composed of the αv and ß3 subunit is one of the
well-characterized integrin that is known to bind to Osteopontin [15]. Large quantities of
the purified protein are needed to conduct assays to study integrin interaction and
adhesion of cells to Osteopontin. Commercially available Osteopontin is expensive and
uneconomical long-term therefore purification of the protein in house would be desirable.
A pGEX-2T vector was transformed using Osteopontin cDNA and grown on LB Amp
plates. Colonies were selected and grown in LB Amp medium. After induction,
expression of the Osteopontin fusion protein was analyzed on a 12% SDS gel with
Coomassie staining and immunohistochemistry. The goal of the initial experiment was to
verify the experimental procedure by inducing GST protein. GST was verified to be
expressed. GST-OPN colonies were selected along with GST samples and induced in a
small scale preparation. However, verification of GST-OPN remained inconclusive. It
was investigated whether induction parameters were inhibiting the protein expression.
The time of induction was increased from 3 hours to 6 hours and compared, but protein
expression remained absent on the gel and corresponding Western Blot. Some GST
fusion protein protocols suggest different concentrations of IPTG for sufficient protein
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expression. Three different concentrations of IPTG, 0.5 mM, 1 mM and 1.5 mM were
applied to a small-scale preparation but no conclusive GST-OPN band was detected on
the 12% SDS gels. Sonication is often used to ensure complete lysis of bacterial cell
walls and was applied to supplement lysis buffer. The treatment resulted in a higher
concentration of protein in the induced sample but the target protein could not be found.
Presumably the protein might still be insufficiently extracted from the cell wall
components, inclusion bodies and other cell debris. A large scale culture was prepared
despite lack of verification of the protein in the small scale culture. The protein was still
not observed to be expressed even after purification of small amounts of the prepared
large scale culture on glutathione beads. Treatment with urea during cell lysis was
attempted to provide harsher conditions for cell lysis and ensure complete lysis. The
samples were dialyzed using dialysis cassettes and small samples were purified on
glutathione beads. On a 12% gel, induced and purified samples were compared and
presence of GST was found while GST-OPN was absent. It was concluded that despite
several variations in the purification protocol, no conclusive expression of the target
protein could be determined. The most likely reason probably depends on the bacteria
lysis that is trapping the protein in between inclusion bodies and cell wall components.
Commercially obtained osteopontin was used to investigate the adhesion of 293Vnr cells
on glass cover slips. Osteopontin interacts with the vitronectin receptor that is found
overexpressed on 293Vnr cells and promotes adhesion. While cells spread onto BSA
covered glass slips slowly started to die, Osteopontin promoted adherence of the cells that
could similarly be observed with FBS. Differences between varying concentrations of
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osteopontin could be observed into the experiment, when adhesion was found to be much
better with higher osteopontin concentration.
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CHAPTER 5
CONCLUSION
OPN has both cell attachment and cell signaling functions via the αvß3 integrin
[27]. During cell signaling, a signaling cascade brings about a change in intracellular
calcium ion levels and alters the tyrosine phosphorylation status of a variety of proteins
such as pp60src as well as components of focal adhesion complexes [27]. Several effects
on gene expression have been seen including suppression of nitric oxide synthesis and
reduction of cell peroxide levels, promoting cell survival [27]. Cell spreading is a result
of cytoskeletal rearrangements initiated by binding of osteopontin to the αvß3 integrin.
This property can be verified using adhesion assays with different concentrations of
osteopontin, FBS and BSA at different time points. The adhesive property of OPN was
verified in adhesion assay with different concentrations of Osteopontin. Further study of
adhesive and migratory properties of osteopontin will provide further insight into tumor
metastasis and osteoclast functioning.
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