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ABSTRACT
Bone Cell Autonomous Effects of Osteoactivin In Vivo

Joyce Y. Belcher
Doctor of Philosophy
Temple University
Doctoral Advisory Co-Chairs: Fayez Safadi, Ph.D. & Steven Popoff, Ph.D.

Osteoactivin (OA) is a type I transmembrane glycoprotein initially identified in
bone in 2002. The protein is synthesized, processed and heavily glycosylated by
osteoblasts. Its expression is associated with increased osteoblast differentiation and
matrix mineralization. To determine the role of OA in skeletal homeostasis in vivo we
utilized a mouse model with a natural mutation in the osteoactivin gene. This mutation is
due to a premature stop codon, which results in the generation of a truncated 150 amino
acid OA protein. This animal, which we will refer to as OA mutant, was shown by μCT
and histomorphometric analysis to have increased bone volume, trabecular thickness, and
trabecular number compared to wild-type (WT) mice at 4 weeks of age, which is a time
at which bone formation is most active. Histological analysis of long bones stained with
TRAP (tartrate resistant acid phosphatase) and colorimetric analysis of serum TRAP 5b
levels indicated that the numbers of osteoclasts are significantly increased in OA mutant
samples. Interestingly, although the numbers of osteoclasts as compared to WT were
higher in OA mutant mice, serum levels of C-telopeptide of type I collagen (CTX) and
osteocalcin, biomarkers for bone resorption and bone formation respectively, were
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significantly decreased. These data suggested that in mice the presence of truncated OA
protein results in increased osteoclast number, but that they are inefficient in resorbing
bone and may in part contribute to the increase in bone volume in OA mutant mice in
vivo.
To further investigate the role of OA in osteoclast differentiation, osteoclasts were
differentiated from hematopoietic stem cell progenitors ex vivo. HSCs were cultured in
the presence of 50 ng/ml of M-CSF for two days and then with M-CSF and 100 ng/ml of
RANKL in the presence or absence of 50 ng/ml recombinant OA. We observed a
dramatic increase in multinucleated TRAP-positive osteoclasts and the number of nuclei
per osteoclast in OA-treated cultures compared to control. Additionally, analysis of HSCs
showed increased cell proliferation in response to exogenous OA treatment. When
osteoclasts were differentiated in ex vivo cultures derived from OA mutant and WT mice,
we observed decreased osteoclast number, size, and function in OA mutant compared to
WT cultures. This decrease was abrogated when cultures were treated exogenously with
recombinant OA. Quantitative PCR analysis of RNA isolated during osteoclast
differentiation from WT and OA mutant mice reveal decreased gene expression of critical
osteoclast differentiation and functional markers, which explains the osteoclast defect
observed ex vivo.
To investigate the role of OA in osteoblast differentiation, primary osteoblasts
were derived from mesenchymal progenitors isolated from calvariae of WT and OA
mutant neonatal pups. OA mutant osteoblasts were found to have decreased alkaline
phosphatase (ALP) staining and activity at day 14 in culture. Furthermore when cultures
were differentiated to 21 days to simulate matrix mineralization in vitro, OA mutant
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osteoblasts exhibited decreased Alizarin Red and Von Kossa staining. Quantitative
measurement of calcium also showed decreased mineral deposition in OA mutant mice
compared to WT. Electron microscopic and protein studies were able to eliminate the
notion of ER stress or cell toxicity as a result of ER stress playing a role in the delayed
osteoblast differentiation observed in OA mutant osteoblasts. Furthemore, OA mutant
osteoblasts exhibited decreased proliferation and survival ex vivo. These data reveal an
effect of osteoactivin in osteoblasts ex vivo.
This study provided an in vivo tool to study the role of osteoactivin in bone cells
and the regulation of bone formation and bone resorption by this molecule. Taken
together, these findings suggest that the presence of truncated OA leads to increased bone
volume due to defective interplay between bone-resorbing osteoclasts and bone-forming
osteoblasts. Data presented here support the notion of osteoactivin as a novel molecule in
modulating skeletal homeostasis in vivo.
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CHAPTER 1
INTRODUCTION

Osteoactivin (OA) is a glycoprotein identified in bone in 2002, and later found to
be strongly localized to bone-forming osteoblast cells [Safadi et al., 2002]. Preliminary
studies have suggested a role for OA in stimulating osteoblast cell differentiation and
function. Increasing osteoblast synthesis in an anabolic fashion is the conventional
treatment for various skeletal disorders, such as osteoporosis and fracture repair. This
study focuses on the identification of a role for OA and its underlying mechanism to
mediate skeletal homeostasis. Understanding the role of OA as a novel bone anabolic
factor may lead to the development of therapeutic strategies to mediate osteoblast
activity and thus bone formation in diseases associated with bone loss.

The Human Skeletal System
The human skeletal system is comprised of 206 bones joined to ligaments,
tendons, and tissue; and it functions to determine body shape, protect vital organs, and
enable body movement [Gilberts 2000]. Being a form of specialized connective tissue, it
consists of cells and extracellular matrix produced by the cells. Bone is composed of four
different cell types: osteoblasts, osteoclasts, osteocytes and bone lining cells [Marks and
Hermey, 1996]. Recognized as a specialized connective tissue, bone has both organic and
inorganic components of its extracellular matrix. The organic composition is largely
comprised of type I collagen and other non-collagenous proteins such as
glycosaminoglycans, osteopontin, and osteonectin. The inorganic component, composed
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of calcium phosphate in the form of hydroxyapatite crystals, gives bone its hardness
[Junqueira and Carneiro, 2003].
Bones have a variety of functions in the human body. The skeleton provides the
structure and framework for the body [Deng et al., 2008]. A mechanical function of bone
includes serving as a site of muscle attachment, which enables locomotion. The human
skeleton’s bones are responsible for the protection of the body’s most vital organs.
Hematopoiesis, the formation of blood cells, mostly takes place in the red marrow of
bones. Bones function to store and regulate the body’s supply of calcium and
phosphorous, which is essential for cell function, muscle contraction, transmission of
nerve impulses and blood clotting [Nijweide et al., 1986; Kollet et al., 2007].

Types of Bones
There are two primary types of bone: cortical bone and trabecular bone. Woven
bone is immature bone or primary bone tissue. Woven bone is found during embryonic
development, fracture healing, and in pathological states like hyperparathyroidism.
Cortical bone (compact lamellar bone) is remodeled from woven bone by vascular
channels that come from the embryonic bone from its periosteal and endosteal surfaces
[Stout et al., 1999]. Almost all bones of adults are mature (lamellar bone). It forms the
internal and external tables of flat bones and the external surfaces of long bones. The
primary structural unit of cortical bone is an osteon (Haversion system). Osteons are
made of lamellar bone that surrounds the Haversion canals. Cortical bone represents
approximately 80% of the bone in the body [Carter et al., 1977]. Cancellous bone
(trabecular bone) lies between cortical bone surfaces in the metaphyseal area of long
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bone and consists of a network of honeycombed interstices containing hematopoietic
elements and bony trabeculae [Kalfas et al., 2001]. Cancellous bone is continually
undergoing remodeling on the internal endosteal surfaces [Turner et al., 1990].

Gross Structure of Bone
The structure of a long bone is divided into three portions: the epiphysis,
metaphysis, and diaphysis [McKinley, 2006]. The epiphysis is the region between the
growth plate and the expanded end of bone. An epiphysis is present at each end of long
bone. It is found at only one end of metacarpals (proximal first and distal second through
the fifth metacarpals), metatarsals (proximal first and distal second through fifth
metatarsals), phalanges (proximal ends), clavicles, and ribs. The epiphysis is the location
of secondary ossification centers during development [Gilbert, 2000]. The structure of the
epiphysis is more complex in bones that are fused from more than one part during
development (including the proximal and distal ends of the humerus, femur, and
vertebrae). Some bone tumors such as chondroblastomas have a strong preference for the
epiphysis or epiphysioid bones [Tiet et al., 2003].
The metaphysis is the region between the growth plate and the diaphysis. The
metaphysis contains trabecular bone. The cortical bone thins at the metaphysis relative to
the diaphysis. This region is a common site for bone tumors and similar lesions [Fletcher
et al., 1990]. The relative affinity of osteosarcomas for the metaphyseal region of long
bones in children has been attributed to the rapid bone turnover due to extensive bone
remodeling during growth spurts.
The diaphysis is the region between metaphyses [Bourne et al., 1977]. It is mainly
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composed of compact cortical bone. The medullary canal contains marrow and a small
amount of trabecular bone. The physis is the region that separates the epiphysis from the
metaphysis. It is the zone of endochondral ossification in an actively growing bone or the
epiphyseal scar in a fully-grown bone [Jiang et al., 1994].

Osteogenesis
Osteogenesis indicates the process of bone formation. There are two types of bone
formation: intramembranous ossification and endochondral ossification [Porter et al.,
1997]. Both of these require a well-developed vascular supply and a solid base for the
mineralization of the extracellular matrix. Intramembranous ossification involves the
replacement of sheet-like connective tissue membranes with bony tissue [Marks et al.,
1996]. Bones formed in this manner are certain flat bones of the skull [Marks et al.,
1996]. The bones are first formed as connective tissue membranes. This begins when
multiple groups of cells differentiate into osteoblasts. Osteoblasts migrate to the
membranes and deposit bony matrix around them. Then blood vessels grow into the
connective tissue between the trabeculae, which will eventually form blood and
hematopoietic cells [Gilbert, 2000]. The fusion and growth of ossification centers replace
the original mesenchymal tissue. Compact bone is formed at both the internal and
external surfaces in flat bones, while there is a spongy pattern in the central portion. The
endosteum and periosteum are formed from layers of connective tissue that do not
undergo ossification [Bourne, 1972].
Endochondral ossification is responsible for the formation of long and short bones
[Gilbert, 2000]. Endochondral ossification involves the replacement of hyaline cartilage

4

with bony tissue. In this process, the bones are first formed as cartilage models. The
bones become infiltrated with blood vessels and osteoblast progenitors and changes into a
periosteum [Gartner and Hiatt, 2007]. The osteoblasts form a collar of compact bone
around the diaphysis and the cartilage in the center of the diaphysis begins to disintegrate.
Osteoblasts progenitors penetrate the disintegrating cartilage and replace it with spongy
bone. Ossification continues from this center toward the ends of the bones [Gilbert,
2000]. After trabecular bone is formed in the diaphysis, osteoclasts break down the newly
formed bone to open up the medullary cavity. Osteoblasts come from osteoprogenitor
cells and lay down a layer of osteoid on the surface of calcified cartilage [Martin et al.,
1998]. Long bones are formed when a bone collar is formed blocking the nutrient
diffusion. This leads to the degeneration of internal chondrocytes. The perichondrium
then becomes the periosteum. The osteogenic bud arises and penetrates the calcified
cartilage matrix through passages created in the bone collar by osteoclasts. The primary
ossification center expands longitudinally causing the growth of the periosteal bone
collar. Osteoclasts are activated at the beginning and create the marrow cavity. Later on
in the development a secondary ossification center arises at the center of each epiphysis
in a radial fashion [Nilsson et al., 2006]. The epiphysis of the chondroid model is then
replaced by bone tissue. Epiphyseal cartilage, located between the epiphysis and the
metaphysis, is responsible for longitudinal growth of bone. It can be divided into 5 zones:
resting zone, proliferative zone, hypertrophic zone, calcified cartilage zone and
ossification zone [Nilsson et al., 2006]. The resting zone consists of small chondrocytes.
The proliferative zone is made of rapidly dividing chondrocytes. These chondrocytes are
in columns parallel to the long axis of the bone, this results in interstitial growth of
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cartilage. In the hypertrophic zone, chondrocytes are maturing and degenerating, with
associated chondroid matrix resorption. The calcified cartilage zone is where
chondrocytes die. Chondrocyte death is followed by blood vessel invasion and bone
deposition on the calcified cartilage. The ossification zone is where primary spongiosa
forms by rapidly mineralized osteoid laid down on the calcified cartilage septa [Gilbert,
2000].
Ossification in the epiphyses usually occurs after birth. It is similar to ossification
in the diaphysis except that the spongy bone is retained instead of being broken down to
form a medullary cavity [Ducy et al., 1997]. When secondary ossification is complete,
the hyaline cartilage is totally replaced by bone except in two areas. A region of hyaline
cartilage remains over the surface of the epiphysis as the articular cartilage and another
area of cartilage remains between the epiphysis and diaphysis [Gilbert, 2000]. This is the
epiphyseal plate or growth region. During growth, the epiphyseal plate does not change
in thickness because the rates of proliferation and replacement by bone are approximately
equal. It is replaced away from the middle of the diaphysis [Junqueira, 2006]. This
results in longitudinal growth of the bone. When the epiphyseal plate closes (between
ages16-20) the longitudinal growth of bones ceases, although widening still may occur
through appositional growth at the periosteum [Nilsson et al., 2006].

Bones Cells
Osteoblasts
Classified as a specialized connective tissue, bone is composed of four primary
cell types and the extracellular matrix they produce. The cells that compose bone are
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osteoblasts, osteoclasts, osteocytes, and bone-lining cells. Bone cells that produce the
organic matrix are osteoblasts (“bone formers”). An osteoblast (from the Greek words for
"bone" and "to build") is a mononucleate cuboidal cell. Osteoblasts arise when
pluripotent mesenchymal stem cells, which are located in the periosteal membrane or in
the stromal tissue of bone marrow, differentiate under the influence of growth factors,
such as fibroblast growth factor (FGF), platelet-derived growth factor (PDGF),
transforming growth factor beta (TGF-β) and other bone morphogenetic proteins (BMPs)
[Friedenstein, 1990].
Morphologically, osteoblasts are identified by the presence of a prominent, welldefined Golgi. Osteoblasts function to synthesize organic components of the matrix (i.e.
collagen type I, proteoglycans, glycoproteins) and initiate the process of mineralization
[Jande and Grosso, 1975]. The organic matrix is composed of collagen fibers in a
semisolid gel; the matrix has a rubbery consistency and is responsible for the tensile
strength of bone [Miller and Gay, 1987; Boskey, 1989]. Calcium phosphate crystals
precipitate within the matrix to make bone hard. These inorganic crystals provide bone
with compressional strength, which is the ability of bone to hold its shape when squeezed
or compressed [Sherwood, 2004].
The life-cycle of an osteoblast is visualized in three distinct phases: 1) a
proliferative period, 2) collagen matrix deposition, and 3) a mineralization phase. It is
during matrix deposition phase, osteoblasts lay down osteoid at a rate of approximately 1
µm/day [Martin et al., 1998]. This is termed the bone apposition rate. Osteoblasts are
commonly studied using in vitro models. In murine systems, primary osteoblast cells are
isolated from the calvaria of newborn pups approximately 2- 5 days after birth. Following
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a series of digestions and centrifugations, a single cell suspension of a highly enriched
preosteoblast population is achieved. When plated in culture with ascorbic acid and ßglycerophosphate, osteoblast differentiation can be assessed. Fundamental markers can
routinely be evaluated to track the progression of differentiation. Between days 10-15,
alkaline phosphatase expression and activity can be evaluated. Alkaline phosphatase is
secreted into the matrix by osteoblasts during bone formation and thus is a critical marker
associated with osteoblast functionality. Further in murine osteoblast culture
approximately day 21, mineral deposition can be measured as a marker of matrix
progression by von Kossa staining [Charrier et al., 1983].

Bone Lining Cells
Bone lining cells (BLCs) are flattened, elongated, inactive, mononucleate cells
that span throughout bone surfaces. It is believed that they are osteoblasts that avoided
being trapped by newly formed bone when bone formation is relatively slow or inactive.
Bone lining cells are not documented as undergoing bone formation nor resorption
[Marks and Hermey, 1996]. These cells are inactive and contain relatively few cellular
organelles. They function as a physical barrier for certain ions and induced osteogenic
cells, as well as carrying receptors for parathyroid hormone and estrogen [Weitzmann and
Pacifici, 2006]. Some studies have implicated bone lining cells as the proposed precursors
for osteoblasts [Chow et al., 1998].
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Osteocytes
Osteoblasts that become trapped in the bone matrix become osteocytes. An
osteocyte, a star-shaped cell, is the most abundant cell type found in bone. In adult human
bone, there are approximately ten times as many osteocytes as there are osteoblasts
[Klein-Nulend et al., 2003]. Once osteoblasts become trapped in the matrix they secrete,
they become osteocytes. The space that an osteocyte occupies is called a lacuna (Latin for
a pit). A mature osteocyte has morphological features such as the presence of a nucleus,
fewer cytoplasmic organelles, and a thin ring of cytoplasm [Jande and Belanger, 1973].
Osteocytes are connected to each other and cells on the bone surface through
canaliculi, forming cellular networks [Burger and Klein-Nulend, 1999]. Radiating like
the spokes of a wheel, canaliculi are microscopic channels between lacunae which house
long, slender cytoplasmic processes which extend from osteocytes. Each osteocyte is in
contact with another via gap junctions and the canaliculi [Bonewald, 2006].
Osteocytes account for approximately 90-95% of the bone cells present in an
adult skeleton [Bonewald, 2006]. The number and distribution of osteocytes throughout
the bone matrix allows for these cells to be the ideally positioned to sense biomechanical
strain [Lanyon, 1993; Heuck, 1970]. Once osteocytes sense strain they are then able to
translate strain into biochemical signals that trigger either resorption or formation in
relation to the intensity of the strain signal [Lanyon, 1993; Rubin and Lanyon, 1984 and
1985; Seeman, 2006].
Osteocytes were shown to possess parathyroid hormone receptors (PTHr) [Noble
and Reeve, 2000]. PTH is a known regulator of mineral ion homeostasis; thus, suggesting
a possible systemic role for osteocytes in mineral homeostasis. Osteocytes were shown to
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generate acid phosphatase [Whitten et al., 1999]. Acid phosphatase is a known bone
mineral mobilizing agent [Cullinane, 2002]. Taken together, there is plausible evidence
to suggest osteocytes can act as both mechanotransductors and bone mineral regulators.

Osteoclasts
An osteoclast is a large multinucleated cell [Owen, 1978]. They arise from cells of
the hematopoetic monocyte/ macrophage lineage found in the marrow cavity of bone. It
is the single bone resorptive cell in existence; thus, its proper functioning is critical to
healthy skeletal homeostasis [Mundy, 1986].
Easily distinguishable from the other bone cells, osteoclasts are commonly
identified by distinct morphological criteria. They are large, multinucleated cells with
prominent Golgi complexes, numerous vesicles, and a distinctive ruffled border
[Gonzalez and Karnovsky, 1961; Jones and Boyd, 1977]. The ruffled border is unique to
osteoclasts and is the surface by which osteoclasts function to resorb bone.
Osteoclasts are derived from hematopoietic stem progenitor cells, which are selfrenewing and pluripotent, present mostly in bone marrow and to a lesser extent in spleen
[Marks, 1977; Udagawa et al., 1990]. PU.1 is the earliest transcription factor to act on
hematopoietic stem cells to drive them towards the osteoclast lineage. Differentiation is
driven by secretion of two novel cytokines receptor activator for nuclear factor κ b
ligand (RANKL) and macrophage colony stimulating factor (M-CSF), secreted by
marrow stromal cells and osteoblasts [Faccio et al., 2003; Ross and Tietelbaum, 2005].
M-CSF is required for preosteoclast cell proliferation, differentiation, and survival
[Teitelbaum and Ross, 2003].
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RANKL is necessary for osteoclast cell survival, fusion, and bone resorption
(Takahashi et al., 1988; Suda et al., 1998]. Once functionally mature, osteoclasts form a
unique resorptive microenvironment between itself and the underlying bone matrix.
Osteoclasts adhere to bone through the αvβ3 integrins, thus creating a sealing zone.
Hydrochloric acid and acid proteases, such as cathepsin K, MMP9, and MMP13, are
secreted into the space between the ruffled border and bone matrix bounded by the
sealing zone [Ross and Tietelbaum, 2005]. Subsequent acid generation followed by
integrin engagement lead to generation of signaling to acidifying vesicles. The vesicles
act to fuse to osteoclast cell plasma membrane, thus polarizing the cell and enabling it to
secrete acids and proteases capable of resorbing bone. This breakdown of bone then
results in the release of various growth factors which can have the ability to act by
stimulating mesenchymal cells. Osteoclasts resorb bone at a rate of approximately tens
of micrometers per day [Martin et al., 1998]. Osteoclasts detach from bone surface and
migrate to other resorption sites. One osteoclast can undergo several consecutive
resorption cycles before entering the apoptosis pathway. Ultimately osteoblast bone
formation and differentiation is stimulated, thus demonstrating the bone formation –
resorption coupling mechanism that is necessary to maintain healthy bones and skeletal
stability (Takahashi 1988).

Bone Biomechanics
The chief function of bone in the skeletal system is to provide structural support
to the body by working together to support and protect muscles and vital organs.
Collectively, the bones of legs, pelvis, and vertebral column work together to hold up the
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body. Bones in the region of the mouth, like the mandible, are responsible for supporting
teeth. Since bone is such a dynamic structure, great attention and money has gone to
studies of bone biomechanics. In assessing the strength of bone, research biomechanists
often assess both structural and material properties which combine to give us overall
understanding of whole-bone strength.
Structural properties of bone are those that are measured upon application of
loads. Stiffness is analyzed as an assessment of deformation under an applied load and
strength gives us insight on the load required for bone to fail [Meulen et al., 2001].
Material properties of bone include those scaled on a tissue level with consideration to
bone size and shape. Material parameters which are often measured include ultimate
stress and modulus of activity [Meulen et al., 2001]. Ultimate stress is the maximum
stress a bone can withstand when subjected to a compression or tension.
Three-point bend testing is a conventional method for assessing whole bone
mechanical strength. In this measurement, long bones are supported while a constant
force is applied mid-point until bending then ultimately failure occurs. This allows for the
analysis of the maximum load that the object can withstand. Understanding the linear
relationship between the force and the bone deformation during the bending (elastic
phase) can be used to determine the Young’s Modulus or stiffness of the bone [Toth et
al., 2002].

Diseases of Bone
Metabolic bone diseases are those in which atypical formation or maintenance of
bone leads to clinical manifestations such as fracture and deformity. The most prevalent
of these diseases is osteoporosis [Sambrook and Cooper, 2006]. Afflicting nearly 29
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million Americans and accounting for more than 1.5 million fractures a year, osteoporosis
is a systemic skeletal disease identified by low bone mass, increased bone fragility, and
susceptibility to fracture. In patients stricken with this condition, fractures are common in
the wrist, vertebral column, and hip. Osteoporosis is a disease frequently associated with
women; however, cases are not uncommon in men [Orwig et al., 2006]. Osteoporosis is
an ailment of abnormal bone remodeling. In particular, bone resorption is uncoupled from
bone formation, and as time goes on, bone resorption exceeds bone formation. The result
of this imbalance is decreased bone density and decreased mechanical strength
[Bernstein, 2003].
Osteoporosis incidents can be identified into either primary or secondary. Primary
osteoporosis is further categorized into postmenopausal (type 1) or senile (type 2). Type 1
osteoporosis generally develops after menopause when estrogen levels decline
considerably which potentiates bone loss, most notably in the trabeculae. Type 2
osteoporosis is the age-related decline in renal production of active vitamin D. Decline in
1,25 dihydroxyvitamin D is the suggested cause of bone thinning and loss [Leboff et al.,
2008]. This loss is commonly documented as afflicting both trabecular and cortical
regions of bone. Secondary osteoporosis is identified by conditions in which bone is lost
because of the presence of another ailment, such as hormonal imbalances or
malignancies.
In addition to osteoporosis, various other bone ailments exist afflicting the
world’s populations include: osteopetrosis, rickets, osteochondrodysplasia, and
osteosarcomas. Bones becoming overly dense characterize this rare congenital
dysfunction of osteopetrosis. This phenomenon has been attributed to an uncoupling of
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osteoblast-osteoclast function, more specifically a defect in osteoclast resorption. While
there are no cures for these skeletal disorders, pharmaceutical companies have put some
effort to therapies into alleviate discomfort and the burden on quality of life. The balance
between osteoblast formation of bone and osteoclast resorption of bone is the critical link
in most skeletal disorders, thus making all emerging work in the field of profound
significance to the human population in addition to the body of knowledge.

Osteoactivin
Identification and Characterization in Bone
Osteoactivin (OA) is a type I transmembrane glycoprotein. OA has been shown
to be primarily localized on the cell surface and in the lysosomal membrane. More
recent studies have also identified a secreted form of OA. OA exhibits multiple tissue
expression. Abe et al. [2007] reported OA mRNA is associated with liver, lung, and
spleen; and to a lesser extent OA mRNA is also present in brain, heart, kidney, intestine,
and muscle.
Identification of OA in bone was accomplished by comprehensive analysis of the
osteopetrotic (op) mutant rat model [Popoff and Marks, 1995] (see Figure 1). The op
mutant model was characterized as having a severe skeletal phenotype of excessive bone
mass attributed to defective skeletal development. Utilizing mRNA differential display,
a novel cDNA was identified to be highly up-regulated in op compared to normal bone
and subsequently designated OA [Safadi et al., 2001].
OA was categorized as a novel type I transmembrane glycoprotein, with two
distinct isoforms (secreted and membranous). The protein consists of multiple function
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domains, including a cytoplasmic domain, transmembrane domain, and an extracellular
domain (see Figure 2). Recent studies identified additional domains to include a signal
peptide (SP), Polycystic kidney disease domain (PKDD), and a dileucine sequence (LL)
[Abdelmagid et al., 2008]. The signal peptide directs post-translational transport.
The dileucine sequence contains the molecule’s sorting sequence; hence, LL is
required for endosomal/lysosomal targeting. The PKD domain is an area of interest in
multiple fields of research. While earliest works failed to identify the functionality of
this domain, recent studies have shown it to be highly critical in numerous systems.
Notably, PKD domain has been highlighted for involvement in adhesive protein-protein
and protein- carbohydrate interactions [Bycroft et al., 1999]. Additionally, OA has
several Arg-Gly-Asp (RGD) motifs, which functions are essential for cell attachment.
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function worked to arrest the cell cycle in T cells and this phenomena is associated with
the PKD domain of this molecule [Chung et al., 2007].
Pmel-17 demonstrates 60-70% homology to OA. Its expression has been shown to
be exclusive to melanocytes and premelasomal cells. Studies have shown Pmel-17 to
function as a catalyst for melanin biosynthesis and play a critical role in the biogenesis
of the early stages of the pigment organelle [Valencia et al., 2006]. There exists a
murine model with truncated cytoplasmic domain of Pmel-17 known as silver mutant.
Overall, this mutant mouse appears to develop normally, but expresses phenotypes
associated with severe hypopigmentation [Spanakis et al., 2001].
Subsequent studies identify a protein sorting dysfunction in silver mice.
Specifically, the inability of silver mice melanocytes to survive was linked to ER to
Golgi transport failure and lack of plasma membrane internalization [Theos et al., 2006].
In combination, these defects result in an impaired Pmel-17 trafficking and retention in
auxiliary compartments in this natural mutant model.
Glycoprotein QNR-71 exhibits 65% structural homology to OA. Its expression
was originally found to be localized in retinal pigmented epithelia and the epidermis.
QNR-71 is markedly expressed during the progression of epithelial differentiation
[Borgne et al., 2001].
Post-translational modifications of OA
Bioinformatic analysis led to the characterization of OA as a type I
transmembrane receptor [Safadi et al., 2001]. Further studies [Abdelmagid et al., 2008]
sought to examine OA protein processing in osteoblasts. Cell fractionation experiments
revealed two distinct isoforms of OA both present in the cytosol; however a more
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mature form was only present in membrane fractions. OA exists as: a 65-kDa type I
transmembrane protein, and a highly glycosylated 115-kDa secreted glycoprotein.
Abdelmagid [2008] also demonstrated OA is highly glycosylated by both Nlinked and O-linked glycans. The secreted isoform of OA was shown to be the mature
isoform of the protein. Previous protein sequence analysis suggests approximately 19 Oand 11 N-linked sugar groups present in OA found in osteoblasts [Selim et al., 2003].
Osteoactivin and Bone

Having identified OA as being one of the chief molecules up-regulated in the rat
op model and with the subsequent tissue analysis indicating OA mRNA expression
highly localized to bone tissue most notably osteoblast-rich regions, our group sought to
perform studies to investigate a possible functional role of OA in bone, specifically in
bone-forming osteoblasts. In situ hybridization experiments clearly indicate that OA
mRNA can be found in bone associated with active osteoblasts [Safadi et al., 2001].
Additionally osteoblast differentiation experiments determined that OA is not only
associated with osteoblast differentiation, peaking during terminal osteoblast
differentiation during matrix deposition and mineralization (see Figure 3) [Abdelmagid et
al., 2008].
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Figure 3. Temporal Pattern of OA Expression in Osteoblast Cell Cultures.
OA detected by western blot analysis in murine osteoblast cultures at weeks 1, 2, and 3 of
differentiation. The upper OA isoform of 115 kDa reached the maximal expression after
3 weeks (21 days) in culture (matrix mineralization). Abdelmagid et al., 2008.

Over-expression approaches using a retroviral system showed that enhanced OA
expression promoted significant increases in osteoblast differentiation and function as
assessed by alkaline phosphatase activity and mineral deposition. Subsequently, in vitro
analysis of murine osteoblasts in culture found that OA deficient mice exhibit delayed
differentiation even in the presence of ascorbic acid and β-glycero-phosphate. Assessed at
differentiation days 12-15 with growth factors, cells isolated from OA deficient calvaria
showed significant reduction in alkaline phosphatase expression and activity when
compared to wild-type littermates. Furthermore, analyses of mineral deposition at
differentiation days 21 show little or no minerals in OA deficient cultures [Abdelmagid et
al., 2008]. In 2007, OA was shown to act as a downstream mediator of BMP2 effects on
osteoblast differentiation and matrix mineralization. These findings implicate that OA is
regulated by BMP2 through the Smad1 signaling pathway [Abdelmagid et al., 2007].
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Having initially understood OA to be a novel molecule present in osteoblasts,
microarray data from Lau [Sheng et al., 2008] also showed OA expression in murine Raw
264.7 cells and subsequently derived osteoclasts, thus implying OA gene expression may
not be osteoblast-specific as previously suggested. OA expression was shown to be
enhanced upon receptor activator of NFκB ligand-induced differentiation. Furthermore,
suppression of OA function by use of neutralizing antibodies was shown to reduce
osteoclast cell number, nuclei, and fusion. Osteoclast resorptive activity was also
lessened with decreased OA [Sheng et al., 2008] Findings from this group suggests OA is
a novel osteoclastic protein which plays key regulatory roles in osteoclast cell
differentiation and function.
Animal Models of Osteoactivin

With many promising research avenues to pursue concerning OA, several
animal models have been generated that demonstrate its novel function in various
tissues and systems. Transgenic (Tg) mice that overexpress OA under the CMV
promoter showed increased muscle mass and enhanced expression of MMP-3 and
MMP-9 in fibroblasts in a model of denervated skeletal muscle [Ogawa et al., 2005].
Another study in OA transgenic rats that a two-fold overexpression of OA in liver
showed that OA attenuates the development of hepatic fibrosis by suppressing plateletderived growth factor receptor-α (PDGFR-α) and tissue inhibitor of metalloproteinase-1
(TIMP-1), the key genes required for disease pathogenesis [Abe et al., 2002].

A very exciting animal model DBA2J is the natural mutation in the OA gene in
the mouse causing a premature stop codon that results in the generation of a truncated

21

OA protein of only 150 amino acids [Anderson et al., 2001; Anderson et al., 2002]
(Figure 4). Initial observations suggest that these mice develop normally. The earliest
studies using this animal model focused on the severe eye phenotype associated with this
mutation. Data generated by the Simon group [2002] suggests that the presence of a
truncated OA cause mice to exhibit both iris pigmentary dispersion and iris stromal
atrophy. Both phenotypes are strongly associated with the development of pigmentary
glaucoma. These mice were also documented to have increased macrophage function
[Ripoll et al., 2007]. We obtained the OA null mouse and showed an interesting skeletal
phenotype. Our group also generated Tg mice that overexpress OA in bone. With the
development of these animal models, there has been an emerging focus on OA and its
effects on different cellular and pathological processes. However, there is still a great
deal of work that needs to be done to determine the functions of osteoactivin and its
mechanism(s) of action.
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Figure 4. Schematic representation of wild-type osteoactivin (top) and the naturally
occurring OA mutant (bottom).
The mutation is as a result of a premature stop codon. Key domains or regions of interest
are abbreviated as follows: SP, Signal Peptide; ECD, extracellular domain; PKD,
polycystic kidney disease repeat; PRRD, proline-rich repeat domain; TMD,
transmembrane domain; CD, cellular domain; LL, dileucine melanosomal sorting signal.
Abdelmagid et al., 2008.

Osteoactivin and Cancer
Osteoactivin has also been implicated in a number of studies involving cancer
metastases. In 2008, Ghilardi et al. published a study comparing osteoactivin levels in
normal and tumor-derived endothelium. They showed strikingly high expression and
localization of osteoactivin in tumor-derived endothelium compared to relatively low
expression levels associated with normal endothelium. Other studies have correlated
osteoactivin levels with the metastatic potential of tumors including, breast [Rich et al.,
2003; Rose et al., 2007] and pancreatic cancers [Rich et al., 2003]. Works conducted
showed similar correlation in osteoactivin levels in models of malignant tumors such as
in glioma, hepatoma, and breast cancer cell lines, respectively. These studies implicated
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high osteoactivin expression as a candidate factor responsible for enhanced tumor
migration and invasive character [Weterman et al., 1995]
Rose et al. [2007] conducted works in which they forced overexpression of
osteoactivin in weakly metastatic breast cancer cells. They found this forced
overexpression of OA increased osteolytic bone metastases in vivo. Furthermore, high
levels of osteoactivin expression in breast cancer with estrogen receptor negative status
and increasing tumor grade have also been reported.
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CHAPTER 2
STATEMENT OF GOALS

From initial studies in which OA was identified as a highly up-regulated protein
in osteopetrotic bone, additional studies were performed to associate it with osteoblast
differentiation and activity. Our group subsequently showed, by utilizing silencing, that
OA expression is directly correlated with osteoblast differentiation and matrix
mineralization. Furthermore, we have shown that OA protein peak expression levels are
at the osteoblast’s most active stages of matrix maturation and mineralization. These
findings implicate a role for OA in promoting osteoblast differentiation and bone
formation. Collectively, the preliminary data available to date suggests OA acts as an
anabolic bone stimulatory factor, with the ability to potentiate osteoblast differentiation
and function in vivo. The central hypothesis is OA is a key bone anabolic factor which
acts to regulate skeletal homeostasis by regulating bone-forming osteoblasts and boneresorbing osteoclasts. Thus establishing an association between OA and the skeletal
system is of molecular and clinical interest and merits further investigation. Therefore,
the specific aims of this study were:

I.

To conduct a comprehensive in vivo analysis of the skeletal phenotype

in OA mutant mice. This entailed extensive analysis of tibia, femurs, and lumbar
vertebrae by histological and histomorphometric parameters and Micro-CT (μ- CT) for
quantitative assessment of skeletal morphology and architecture. Bones from animals
were dissected and examined from wild-type and OA mutant mice at 4 weeks, 8 weeks,
12 weeks, 6 months, and one year of age. Subsequently, blood was drawn and serum
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isolated from all animals via cardiac puncture and measured for biochemical markers for
bone formation (osteocalcin) and bone resorption (serum collagen C-telopeptide, cTX).
To further identify any possible bone growth abnormalities in the OA mutant mice,
kinetic histomorphometric analysis was performed using double labeling with calcein as
a labeling dye. This revealed any deficiencies in bone formation due to OA expression.
Complete skeletal phenotype characterization of the OA mutant mouse model is
important to understand the role that OA plays on bone formation in vivo.

II.

To evaluate a role of OA in bone cell (osteoblast and osteoclast)

differentiation and function in ex vivo cultures. Primary osteoblast and osteoclast cells
were isolated, cultured, and differentiated from wild-type and OA mutant animals.
Primary osteoblasts were isolated and differentiated from mouse calvaria and bone
marrow. We assessed differentiation and function by examining ALP activity and
staining, von kossa for mineralization, and calcium deposition. This gave us information
on the effect of OA on osteoblast. Additionally, osteoclasts were derived and
differentiated from hematopoietic stem cell progenitors present in bone marrow. They
were evaluated for differentiation, proliferation, survival, TRAP activity and resorption.
Additionally, extensive screening for osteoclast commitment and differentiation markers
was conducted by assessing mRNA and protein expression levels. Combined, these in
vitro studies will helped us to gain insight on the influence of OA on osteoblast and
osteoclast function, thus suggesting a possible role of OA in formation-resorption
coupling.
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III.

To determine the effect of OA on bone mechanical properties and

strength. A chief function of the body’s skeletal system is to provide stability and
support. To better understand what if any impact OA has on bone biomechanical
properties, long bones were dissected from wild-type and OA mutant mice and
mechanically tested under three-point bending. In this manner, bone strength between the
different phenotypes was assessed. Additionally, bone ash content was assessed to gain
further insight on any variances in bone mineral content. Taken together with
histomorphometric data, this served to give us information as to the role of OA in
influencing biomechanical properties, such as strength and stiffness of bone.

Good bone health is significantly important to the overall health and quality of
life of all individuals. A healthy skeleton provides the body with a stable frame that
allows for individual mobility and protection against injury. Furthermore, bones are a
reservoir for vital minerals that function in all organ systems of the body. Overall,
understanding the various factors that regulate the differentiation of bone cells and their
function is a challenge, and is important for the development of therapeutic approaches
that can act on bone in an anabolic fashion. Such anabolic factors could be used to treat
various skeletal ailments such as osteoporosis and fracture repair.
The identification of OA in bone and its subsequent expression in osteoblasts
suggests a novel role for this molecule in bone formation. To date, studies have identified
OA expression to be closely associated with osteoblast cell differentiation and functional
activity. Increasing osteoblast activity in an anabolic fashion may offer an ideal
therapeutic treatment for various metabolic diseases of bone where enhanced formation
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would have a favorable outcome. Herein, preliminary data has implicated OA in a novel
role in bone formation; thus studies to characterize the role of OA in bone are of critical
importance to enhance our understanding of the mechanisms of action of OA in skeletal
development and maintenance.
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CHAPTER 3
MATERIALS AND METHOD

Part I: In Vivo Methodology
Animals
Wild type male mice (DBA) were obtained from Taconic Laboratory (Hudson,
NY). Osteoactivin mutant male mice (DBA/2J) were purchased from Jackson Laboratory
(Bar Harbor, ME). Mutant and wild-type mice were housed, bred, and maintained at
Temple University School of Medicine Central Animal Barrier Facility. All experiments
were conducted with respect to the guidelines of the Institutional Animal Care and Use
Committee (IACUC).
Micro-computed tomography (μCT) Analysis
Three-dimensional reconstructions of wild-type and OA mutant trabecular bone
of tibiae were generated utilizing a Skyscan 1172, 12 MPix model (Microphotonics,
Allentown, PA). Samples were positioned and scanned in an airtight cylindrical holder to
be captured. Regions were scanned with source voltage and current of 70 kV and 114 μA,
respectively. Additionally, an isotropic voxel size of 6 μm was used for scanning. All
samples were positioned and scanned in airtight sample holder. The region of interest was
selected in all images using a standardized drawing within a 3 mm region directly
beneath the growth plate bounded to the endocortical margin of the proximal tibiae.
Following scanning, 3D microstructural image was reconstructed and structural indices
of bone were computed. All statistics were generated using GraphPad Software. The
differences were considered statistically significant if the p-value < 0.05. All data is
represented as mean ± standard error of the mean (SEM).
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Blood collection by cardiac puncture
Mice underwent partial anesthetization by inhalation using isoflurane. Following
immobilization, the mouse is held by the scruff of skin above the shoulders so that the
head is positioned up and rear legs down. Using straight 10 cm dissecting scissors (World
Precision Instruments, Sarasota, FL), the chest cavity was cut and opened. A 1 ml syringe
(Becton Dickinson, Franklin Lakes, NJ) and 22 gauge needle (Becton Dickinson,
Franklin Lakes, NJ) was inserted 5 mm from the center of the thorax, approximately 5-10
mm deep. The syringe was then pushed vertically trough the sternum and needle inserted
perpendicular to chest wall initiating the flow of blood. Approximately 500-1000 μl of
whole blood was collected into sterile 2.0 ml microcentrifuge tubes per mouse. Samples
were then centrifuged for 25 minutes at 1500 rpm to separate the upper plasma layer.
These were re-collected and stored in new, sterile microcentrifuge tubes and stored at
-80°C for subsequent utilizations.
Three-point bending
Breaking strength of the right femur was measured under three-point bending
using a material testing machine (Bose, Eden Prairie, MN) fitted with a 1,000 N load cell.
Wild-type and OA mutant mice were sacrificed at 12 weeks of age and femur were
dissected. Superficial muscle was removed and samples were wrapped in gauze slightly
moistened with cold, sterile PBS. Samples were preserved at -20ºC until testing.
At the time of testing, bones were thawed in saline at room temperature to ensure
hydration. Individually, femurs were positioned on the loading fixture anterior side down
and loaded in the anterior–posterior plane then loaded to failure at a rate of 0.05 mm/s,
during which displacement and force were collected (100 Hz). Bending moments were
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calculated from the force (F) data (M = FL/ 4) (Nmm). Displacement data were divided
by L2/12 (mm/ mm2), where L is the distance between the lower supports. Whole-bone
mechanical properties were then determined from the moment versus normalized
displacement curves, including peak moment (Nmm, ultimate load the specimen
sustained), yield moment (Nmm), stiffness (Nmm2, the slope of the initial linear portion
of the moment–displacement curve), yield displacement (mm/ mm2, displacement at the
yield point), post yield displacement (mm/mm2), work to failure (Nmm-mm/mm2, the
area under the moment–displacement curve before failure), and work to failure post yield
(Nmm-mm/mm2). The yield point was calculated as the point where a 10% change in the
slope of the moment versus normalized displacement curve occurred.
Histological and Histomorphometric Analysis
After sacrifice, tibiae and femora of 4, 8, and 12 weeks old wild-type and
Osteoactivin mutant male mice were dissected and soft tissue was removed. Upon
cleaning of soft tissue, bones were placed into 4% paraformaldehyde solution prepared
from 40% stock (Electron Microscopy Sciences, Hatfield, PA) to fix. Bones were
allowed to fix for a total of 72 hours with 2 changes of fixative. Following fixation, bones
were washed with 1X PBS (Cellgro-Mediatech, Manassas, VA) and stored in 70%
ethanol (Fisher Scientific, Pittsburgh, PA).
Bones were processed by infiltration with methyl methacrylate and subsequent
polymerization. Longitudinal sections were used to measure the fluorochrome label and
then deplasticized and stained with Masson trichrome. Histomorphometry was performed
on three tissue sections per limb using a Nikon 800 fluorescence microscope linked to a
BIOQUANT Osteo II system (R&M Bio- metrics, Nashville, TN).
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Enzyme-linked Immunosorbent Assay (ELISA)
Sera were collected from wild-type and OA mutant mice as described above.
ELISA was conducted using the manufacturer’s protocol. Osteocalcin and serum CTX
was measured using Quantikine® ELISA (R&D Systems, Minneapolis, MN). Sera were
added to a 96-well microplate coated with specific antibodies for each secreted protein.
The optical absorbance of the solution was measured at 450 nm by a microplate reader
and compared to a standard curve. The concentration of proteins present in the sera was
quantified from standard curve estimation.
Serum TRAP 5b Analysis
Sera isolated via cardiac puncture (as described above) from 4, 8, and 12 week old
wild-type and OA mutant male mice were assessed for circulating TRAP 5b levels using
a kit purchased from Sigma-Aldrich (St. Louis, MO). This data will give us information
relevant to osteoclast numbers in vivo.
Prior to conducting the assay, the substrate solution, stop solution, and standard
solution were prepared using components from the kit. Substrate solution was prepared
by diluting one 4-Nitrophenol Phosphate Tablet in 5 ml of Citrate Solution Buffer. The
substrate solution was freshly prepared prior to each assay. Stop solution (0.5 N NaOH)
was prepared by diluting 2 g NaOH in 100 ml ultrapure water. Stop solution was stored at
room temperature for later use. Standard solution was prepared by diluting 5 μl of 10 mM
p-Nitrophenol Standard Solution (from kit) in 995 μl of the Stop Solution (prepared
previously as described above).
The assay was performed in triplicate for at least 3 independent experiments.
Substrate solution is equilibrated to 37ºC. Reaction components were added to a 96 well
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assay plate as follows: For all test samples, 50 μl of substrate solution was mixed with 50
μl sample into the well. For sample blanks, 50 μl of substrate solution was mixed with 50
μl citrate buffer into the well. Three hundred μl of standard was pipeted directly into the
wells for the standard. For positive control, 50 μl of substrate solution was combined with
48 μl citrate buffer and 2 μl control enzyme (from kit, Acid Phosphatase) into the well.
The assay plate was then gently mixed using a horizontal shaker and incubated for
10 minutes at 37ºC. To stop the assay, 0.2 ml of Stop Solution was added to each well
except those containing the Standard Solution. The addition of the Stop Solution will
induce a color change and this will indicate that the reaction has ceased. Absorption was
measured at 405 nm using a Bio-Rad microplate reader (Hercules, CA).
Serum TRAP 5b levels was calculated according to the following series of
equations:

Units/ml = ((A405[sample]- A405[blank]) x 0.05 x 0.3 x DF) ÷
(A405[standard] x Time x Venz)

where A405 [sample] is the absorbance of the sample, A405 [blank] is the absorbance of the
blank, A405 [standard] is the absorbance of the standard, DF is the dilution factor of the
original sample, Time is the time of incubation at 37ºC, and Venz is the volume of
enzyme sample assed to the assay in milliliters. Data generated were displayed in
graphical form and statistical significance assessed using GraphPad Software (La Jolla,
CA).
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Part II: Ex Vivo Osteoclast Methodology
Medium and Reagents
All cells were grown in Alpha Minimal Essential Medium (AMEM; CellgroMediatech). Completed medium was then prepared by supplementation with 50 ml fetal
bovine serum (Cellgro-Mediatech), 5 ml 200 mM L-glutamine (Invitrogen, Carlsbad,
CA), and 5 ml penicillin/streptomycin solution (Invitrogen), per 450 ml AMEM. The
final concentrations were 2 mM glutamine, 100 μg/ml penicillin, 100 units/ml
streptomycin and 10% serum. The completed medium was warmed to 37ºC before use.
Phosphate Buffered Saline (PBS) (1x) Mg2+ and Ca2+ free PBS was purchased
from Cellgro-Mediatech. PBS was purchased sterile and stored at 4ºC. Prior to use, PBS
was warmed to 37°C. Trypsin-EDTA, 10x stock Trypsin-EDTA (Invitrogen), was diluted
to 1x working solution by diluting with sterile PBS. The stock solution was stored at 4ºC.
The working solution was warmed to 37ºC prior to use with cultures.
Recombinant mouse Receptor activator of nuclear factor kappa-B ligand
(RANKL; R&D Systems, Minneapolis, MN) and recombinant mouse Macrophage
colony-stimulating factor (M-CSF; R&D Systems) were utilized induce osteoclast
differentiation. Both reagents were purchased as 10 μg lyophilized units. To prepare 10
μg/ml working stock for storage and use, 510 μl of 2.0 mg/ml albumin (Thermo-Fisher,
Pittsburgh, PA) and 490 μl of sterile 1x PBS (Cellgro-Mediatech) were added to the
RANKL and M-CSF vials under a laminar flow tissue culture hood. Powders were mixed
in suspension thoroughly and 100 μl aliquots were placed in sterile microcentrifuge tubes
and stored at -20° for subsequent utilizations.
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Murine Bone Marrow Isolation
Wild-type and OA mutant male mice were sacrificed between the ages of 4-8
weeks of age using CO2 asphyxiation. Hind limbs were grossly dissected. Skin and
muscle were removed from bone. Under the cell culture hood, proximal and distal ends of
both tibiae and femur were removed to allow marrow to be flushed using a sterile 20gauge needle and syringe with complete media into sterile 50 ml centrifuge tubes, one
tube per genotype. Collections were pipetted up and down using a sterile 10 ml syringe to
obtain a homogenous single cell suspension. After pipetting, tubes were centrifuged at
4ºC for 15 minutes at a speed of 1500 rpm. Following centrifugation, supernate was
aspirated and pellet was resuspended with complete media and 50 ng/ml MCSF (R&D
Systems). Cell suspensions were then plated in 100 mm dishes in incubator at 37ºC with
5% CO2 overnight to allow separation of adherent and non-adherent cell populations.
Ficoll-Histopaque Separation
In order to obtain an enriched pure population of cells that have a higher
propensity for the osteoclast lineage, ficoll-histopaque separation was conducted using a
reagent purchased form Sigma-Aldrich. Non-adherent cells in suspension from the
murine bone marrow isolation (above) were collected for separation. Prior to separation
Histopaque reagent was warmed to room temperature.
Non-adherent cell suspension was collected after 24 hours incubation into 50 ml
centrifuge tubes, one per genotype. Three milliliters of Histopaque solution was added to
each centrifuge tube and mixed thoroughly by gentle pipetting with a 10 ml sterile pipet.
Tubes were then centrifuge at 400xg for exactly 30 minutes at room temperature, with the
brake on the centrifuge in the off position to avoid clumping. After centrifugation, the
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upper layer was carefully aspirated, with a sterile glass pipet and discarded. The opaque
interface, containing the mononuclear cell band was collected using a sterile glass pipet
and placed into a sterile centrifuge tube containing complete media. The suspension was
mixed by pipet and centrifuged at 4ºC at a speed of 1500 rpm for 15 minutes. Following
centrifugation, supernate was aspirated and pellet resuspended in fresh complete media.
This suspension is ready for cell counting and to be plated for subsequent experiments.
MTT Assay of Pre-fusion Osteoclast Cells
In order to assess cell viability of pre-osteoclast cells, we utilized a kit purchased
from Promega (Madison, WI). Bone marrow derived monocyte macrophage cells isolated
from control and OA mutant male mice 4-8 weeks of age (in complete media including
50 ng/ml M-CSF) were plated at a density of 10,000 cells/well of 96 well tissue culture
plate with a minimum of four replicates per condition per independent experiment. Plates
were incubated at 37°C in the presence of 5% CO2. Three days after plating, plates were
removed from incubator for the MTT assay.
Prior to starting the assay, the CellTiter-Glo Reagent (from kit) was equilibrated
to room temperature on the bench top for approximately 10 minutes. Culture media was
aspirated from all wells to be tested. A volume of 100 μl of CellTiter-Glo Reagent was
added to each well and the plates were covered with aluminum foil. Contents of plates
were gently mixed using an orbital shaker in induce cell lysis and allowed to incubate at
room temperature for ten minutes to stabilize the luminescent signal. After incubation,
luminescent values were recording using a Wallac Victor2 1420 Multilabel Counter
(Perkins Elmer, Waltham, MA). Luminescent values recorded were displayed in
graphical form and statistical significance assessed using GraphPad Software.
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Osteoclast Differentiation
Following Histopaque gradient separation, the cell suspension was counted. Ten
microliters of suspension was mixed with 10 μl of 2.5% glacial acetic acid (ThermoFisher). From this mixture, 10 μl was added to the chamber of the hemacytometer. The
cell suspension filled the chamber through capillary action. The cells within the 4 corner
squares were counted. The total number of the cells was obtained by taking the total
number of cells in 4 squares dividing by 4 and multiplying by the dilution factor of 2 and
multiplying by the total volume of suspension.
Cells were then plated at a density of 1 x 105 cells per well (of a 96 well tissue
culture treated plate (BD Falcon, Franklin Lakes, NJ)) overnight in complete media with
20 ng/ml MCSF in a 5% CO2 incubator at 37ºC. The next day, half the media was
replaced with media cocktail which includes 40 ng/ml RANKL and 40 ng/ml MCSF
(R&D Systems) and incubated at 37ºC in the presence of 5% CO2 with change of media
every 2 days until termination of culture. Cultures were monitored daily using Nikon
Eclipse TE300 inverted microscope.
Tartrate Resistant Acid Phosphatase (TRAP) Staining
Primed bone marrow monocyte macrophages isolated from control and OA
mutant mice between the ages of 4-8 weeks of age were plated at a density of 1 x 105
cells/well of 96 well plate with a minimum of four replicates per condition per
independent experiment. The day following plating, half the media was replaced with
media cocktail which includes 40 ng/ml RANKL and 40 ng/ml MCSF (R&D Systems)
and incubated at 37°C in the presence of 5% CO2 with change of media every 2 days
until termination of culture for staining. Cultures were monitored daily using Nikon
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Eclipse TE300 inverted microscope. At termination, cultures were rinsed twice with 1x
PBS and fixed with 4% paraformaldehyde overnight at 4°C.
Prior to TRAP staining, 50 ml of ddH2O was warmed to 37°C in a water bath and
plates (to be stained) were equilibrated to room temperature on the bench top. Leukocyte
Acid Phosphatase staining kit was purchased from Sigma-Aldrich. To prepare the stain,
0.5 ml Fast Garnet GBC Base Solution was combined with 0.5 ml Sodium Nitrite
Solution, mixed by gentle inversion, and allowed stand for 2 minutes. This mixture was
added to 45 ml of warmed ddH2O in a 50 ml centrifuge tube and mixed thoroughly.
Following mixing, 0.5 ml Naphthol AS-BI Phosphate Solution, 2.0 ml Acetate Solution,
and 1.0 ml Tartrate solution were added to the mixture. The stain was filtered and
warmed to 37°C in a water bath for approximately 10 minutes. While the stain is
warmed, fixative was aspirated and cultures were rinsed twice with ddH2O. All excess
ddH2O was aspirated and approximately 200 μl of stain was added to each well. Plates
were covered with foil and allowed to incubate for 10-15 at 37°C. Following incubation
with stain, stain was aspirated and cultures were rinsed two times with ddH2O and
allowed to dry. To examine stain, a Nikon TE300 inverted microscope was used. A
Nikon Digital Sight DS Camera and NIS Elements F software were used to capture
images. The Adobe Photoshop software (Adobe, San Jose, CA) was used for merging and
editing images. TRAP positive multinucleate osteoclasts cells were imaged and
quantified from multiple fields per well. Data generated were displayed in graphical form
and statistical significance assessed using GraphPad Software.
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Osteoclast Resorption Assay
Osteoclast functional activity was assessed using Osteologic discs obtained from
BD Biosciences (Bedford, MA). Osteologic discs were transferred from packaging to 96
well plates using clean forceps. Primed bone marrow monocyte macrophages isolated
from control and OA mutant mice between the ages of 4-8 weeks of age were plated at a
density of 1 x 105 cells/well of 96 well plate with a minimum of four replicates per
condition per independent experiment. The day following plating, half the media was
replaced with media cocktail which includes 40 ng/ml RANKL and 40 ng/ml MCSF
(R&D Systems) and incubated at 37°C in the presence of 5% CO2 with change of media
every 2 days until termination of culture.
At termination, condition media was collected from each well and discs were
stained using Von Kossa to visualize mineralized layer. Discs still in 96 well plates were
rinsed under the tissue culture hood with approximately 200 μl per well of Hank’s
Balanced Salt Solution (Cellgro-Mediatech). Following rinse, discs were fixed for 10
minutes at room temperature with 2% paraformaldehyde prepared in 0.1M cacodylate
buffer from 40% paraformaldehyde stock (Electron Microscopy Sciences). Discs were
rinsed with ddH2O and 3% silver nitrate (Sigma-Aldrich) prepared in ddH2O was added.
Staining continued for one hour in the direct contact with sunlight. Following incubation
with staining solution, discs are rinsed twice with ddH2O and fixed using 5% sodium
thiosulfate (Sigma-Aldrich) prepared in ddH2O for 2 minutes. Following fixation with
sodium thiosulfate, discs are rinsed with ddH2O and allowed to air dry. To examine
mineralized discs, a Nikon TE300 inverted microscope (Nikon, Tokyo, Japan) was used.
A Nikon Digital Sight DS Camera and NIS Elements F software were used to capture
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images. The Adobe Photoshop software was used for merging and editing images.
Osteoclast Adhesion Assay
To test adhesive properties of osteoclasts derived from wild-type and OA mutant
derived osteoclasts, osteoclast adhesion assay was conducted using a technique
previously described by Epple [2008]. Bone marrow-derived monocyte macrophages
were isolated and primed in culture media supplemented with 50 ng/ml MCSF (R&D
Systems) for 48 hours in 100 mm dishes. This priming produces the prefusion osteoclast
culture (preOCs). The night before assay, coverslips were placed in 24 well plate and
coated with either 5 μg/ml vitronectin (BD Biosciences) or 1% bovine serum albumin
(Sigma-Aldrich). On the day of the assay, cultures were serum starved for 6 hours. Cells
were then lifted using 0.5 mM Ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich)
in 1 x PBS (Cellgro-Mediatech) and counted.
Wild-type and OA mutant cells were plated over the previously coated coverslips
at a density of 5 x 105 cells/well of 24 well plate with a minimum of four replicates per
condition per independent experiment. Cultures were returned to incubate at 37ºC for
approximately 30 minutes. Following incubation, media was aspirated and cultures were
gently rinsed with 1 x PBS (Cellgro-Mediatech). Four percent paraformaldehyde
(prepared from 40% stock; Electron Microscopy Sciences) was added for 10 minutes to
fix cultures. To examine coverslips, a Nikon TE300 inverted microscope was used. A
Nikon Digital Sight DS Camera and NIS Elements F software were used to capture
images. The Adobe Photoshop software was used for merging and editing images.
Numbers of adherent cells per representative field were quantified and displayed in
graphical form and statistical significance assessed using GraphPad Software.
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RNA Isolation
Total RNA was isolated from bone marrow derived osteoclasts throughout
differentiation using Trizol (Invitrogen). Osteoclasts derived from control and OA mutant
mice were cultured in triplicate on 6-well cell culture plates (Falcon, Bedford, MA) at a
density of 1×106 cells/well and terminated at Days 0, 2, and 4 of treatment with
recombinant M-CSF and mRANKL (R&D Systems). At designated time points, cells
growing on plates were washed with PBS once then harvested in Trizol. To completely
lyse the cells they were repeatedly pipetted. Next, 200 μl of chloroform (Fisher
Scientific) was added to the samples and vortexed for 15 sec. Samples were incubated on
ice for 5 min and centrifuged at 20,800g for 15 min. After centrifugation the sample
formed two phases. The upper aqueous phase was transferred to a fresh eppendorf tube,
taking care to avoid the interphase. 0.5 ml of isopropanol was then added to each sample.
The tubes were mixed well and incubated at room temp for 10 min before centrifugation
at 20,800g for 15 minutes at 4°C. The pellets were washed once with 1 ml 75% ethanol
by vortexing followed by centrifugation at 6,800g for 5 minutes at 4°C. The resulting
pellet was then air dried for 10 minutes and dissolved in autoclaved ddH2O. The RNA
was quantified by measuring the UV spectrophotometer. 1 μl of RNA was diluted in 999
μl autoclaved ddH2O water, and concentration was detected.
First Strand cDNA Synthesis
cDNA used for the quantitation of mRNA levels by both PCR and qPCR was
prepared using the High Capacity cDNA Reverse Transcription Kit from Applied
Biosystems (Carlsbad, CA). This cDNA synthesis kit utilizes random primers. cDNA was
prepared as follows: One μg of total RNA sample was added to a sterile 0.5 ml PCR tube
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and diluted with autoclaved ddH2O to reach a volume of 10 μl. Then 2 μl of the 10x RT
Random primers, 2 μl of the 10x RT Buffer, 0.8 μl of 25X dNTP (100mM each), 1 μl
MultiScribeTM Reverse Transcriptase, and 4.2 μl autoclaved ddH2O to reach a final
volume of 20 μl was added to the tube and mixed. When more than one RT reaction was
performed a master reagent mix was prepared to reduce differences in pipetting. The tube
was then incubated at 25°C for 10 minutes, heated to 37°C for 2 hours, and subsequently
heated to 85°C to stop the reaction and destroy any DNase activity. The final volume was
diluted 5 times to 100 μl and stored at -20°C.
Quantitative Real-Time PCR
Quantitative real time PCR (qPCR) using SYBR Green PCR chemistry (Applied
Biosystems, Carlsbad, CA) was performed according to manufacturer’s instructions using
an ABI Model 7500 Instrument. Specific PCR primers were synthesized and optimized
for amplification of each cDNA. The qPCR reactions contained: 5 μl of the RT reaction,
35 μl of 2X PCR Master Mix (Applied Biosystems), 6 μl of both the 5’ and 3’ primers
with the concentration optimized for each primer (Table 1) and ddH2O to make a final
volume of 70 μl. For each reaction, performed in triplicate, 20 μl of sample volume were
added to individual wells of the PCR microtiter plate. The cycling parameters were either
an initial step of 95ºC for 10 minutes; 40 cycles of 95ºC for 45 sec, 55ºC for 45sec, 72ºC
for 1.5 minutes (Parameter A) or an initial step of 50ºC for 2 minutes; 95ºC for 10
minutes; 40 cycles of 95ºC for 15 sec, 60ºC for 30sec, 72ºC for 30 sec. Changes in gene
expression were calculated using relative quantification of a target gene normalized to the
endogenous GAPDH control (ddCT method). All primers used for RT/qPCR analysis of
mRNA levels yielded a dissociation curve with a single peak and a single PCR product of
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the appropriate size, when separated by electrophoresis in an acrylamide gel.
Table 1. Osteoclast-related Primers and Sequences

GENE

PU.1

Sequence

F: AGAAGCTGATGGCTTGGAGC
R: GCGAATCTTTTTCTTGCTGCC

MITF

F: GGACTTTCCCTTATCCCATCCA
R: GTTCTTGCTTGATGATCCGATTC

TRAP

F: AGACCCTGAACACCACGAGAGT
R: AAAGCCCGTTCCCAAGAAA

RANK

F: AAGATGGTTCCAGAAGACGGT
R: GCGAATCTTTTTCTTGCTGCC

Cathepsin K

F: TGGATGAAATCTCTCGGCGT
R: TCATGTCTCCCAAGTGGTTC

Β3 Integrin

F: TTACCCCGTGGACATCTACTA
R: AGTCTTCCATCCAGGGCAATA

Protein Estimation
After Ficoll-Histopaque separation, ells were then plated at a density of 1 x 106
cells per well (of a 6 well tissue culture treated plate (BD Falcon) for 48 hours in
complete media with 50 ng/ml MCSF in a 5% CO2 incubator at 37°C. This induces the
prefusion osteoclast cell population. At day 0 and day 6 with RANK-L and, cells grown
on plates were washed with PBS. Next, the cells were trypsinized and resuspended in 9
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ml AMEM containing FBS. The cells were then pelleted by centrifugation at 1500 rpm
for 15 minutes. The media was then aspirated and the cells were resuspended in 1 ml of
PBS and transferred to a 1.5 ml tube. Cells were once again pelleted by centrifugation at
700g for 5 min. The PBS was aspirated from the cell pellet and the cells were lysed by
adding 1 ml (per 100 μl pellet volume) TNE buffer (0.05M Tris-HCl pH8.0, 0.15M NaCl,
1% NP40, 2mM EDTA pH 8.0) containing 1mM DTT and protease inhibitors (1mM
PMSF , 0.5 μg/ml Leupeptin, 0.5 μg/ml Pepstatin A and 0.5 μg/ml Aprotinin). The
suspension was incubated at 4ºC overnight on a linear rocker. The next day samples were
vortexed for 15 sec, followed by centrifugation at 150 rpm for 10 min at 4ºC in a
microcentrifuge. The supernatant containing protein was removed and stored at -80ºC.
Protein concentration was determined using the Bio-Rad Protein Assay reagent
(Bio-Rad). Briefly, a standard curve was made using known concentrations of bovine
serum albumin (BSA) ranging from 0.5-15.0 μg in 800 μl of ddH2O. Next 200 μl Bio
Assay Dye (Bio-Rad) was added to each standard sample. Standards samples were then
mixed thoroughly and allowed to rest on ice for at least 5 min in the dark. The absorbance
at 590 nm for each sample was then measured, after blanking the instrument with a
solution of 200 μl dye and 800 μl dd H2O. A standard curve was then generated by
plotting protein concentration versus absorbance. Unknown protein sample
concentrations were determined by diluting 10 μl whole cell extract in 200 μl dye and
800 μl deionized distilled water. The absorbance at 590 nm was measured and the protein
concentration was calculated using the standard curve.
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Western Blotting
Generally, 20-30 μg of total cell protein was loaded into each well. The total
volume of the samples was diluted to 18 μl with ddH2O, 3 μl of 6X sample buffer (100
mM Tris-Cl, pH 6.8, 20% glycerol, 2% SDS, 2% 2-mercapoethanol, 0.02% Bromophenol
blue, stored at -20°C) was added and mixed well. The samples were then boiled for 5 min
to denature the proteins. The samples were loaded into each well. Pre-stained molecular
weight marker (Bio-Rad) was loaded in the first lane, and the samples were loaded in the
subsequent lanes.
The protein separation was carried out by electrophoresis at 100 V/30mA for
about 1 hour in 1x protein running buffer (25 mM Tris-Cl, 192 mM glycine, 0.1%SDS,
pH 8.3 without adjustment). When the dye front was near the bottom of the gel, the
current was stopped, and the gel box disassembled. The gel was removed and soaked in
transfer buffer for about 10 minutes.
A piece of PVDF membrane (Immobilon-Fl; Millipore, Billerica, MA) and 4
pieces of Whatman paper were cut to the same size as the gel. Gloves were worn when
handling the PVDF membrane, as oils in the skin will ruin the membrane. The PVDF
membrane was pre-soaked in methanol for 5 minutes and then equilibrated in transfer
buffer with methanol (25 mM Tris, 192 mM Glycine, 20% methanol, pH 8.3). Transfer
buffer was prepared without methanol and stored at 4°C. Right before use, methanol was
added to complete the transfer buffer. A portion of the completed transfer buffer was
poured into the electrophoresis apparatus (Bio-Rad) and placed at -20°C for the length of
the protein resolving step.
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The blotting support was laid on the bench with the black (anode) portion closest
to the user, and the clear (cathode) portion away from the user. To each half 1foam sheet
and 2 pieces of Whatman paper were pre-wet in completed transfer buffer and placed in
that order on top. The PVDF membrane was placed on top of the Whatman paper
(cathode side) and wetted with transfer buffer. Next the membrane was placed on the
PVDF membrane making sure that no bubbles were present between them. The gel was
then covered with the 2 pre-wet sheets of Whatman paper (from the anode side). A
pipette was rolled over the stack to remove all the bubbles. The remaining foam sheet and
half support were placed on top and latched. The entire stack was then lowered into the
blotting chamber using, the grooves, with the cathode (clear) toward the red side of the
chamber. The lid was then secured, and the transfer was carried out at 100 volts for 1
hour. After transferring the stack was removed and disassembled. The pre-stained
molecular weight marker proteins should easily be seen transferred to the membrane. The
PVDF membrane was then marked according the position of the marker. Last, the PVDF
membrane was blocked in blocking buffer (Odyssey) for 1 hour at room temperature with
gentle rocking or overnight at 4ºC.
The PVDF membrane was incubated with primary antibody in the Odyssey
blocking buffer with 0.1% Tween-20 for 1hour on a rocker followed by 4x washes in
washing buffer (PBS with 0.1% Tween-20) for 5 minutes each time with agitation on a
rocker. We normally incubate the membrane with the mixture of two primary antibodies,
the antibody to the protein of interest and the antibody to a loading control protein such
as Β-actin. Next the membrane was incubated with corresponding secondary antibodies
against the primary antibodies in the Odyssey blocking buffer with 0.1% Tween-20 for 1
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hour at room temperature with moderate shaking without light. We use 1:10,0001:20,000 dilutions of the two secondary antibodies. The general rules for antibody
selection include: (1) the primary antibodies need to be from a different species and (2)
the secondary antibodies should be raised in the same species (As an example, Donkey
anti-rabbit IRdye 800CW and Donkey anti-goat IRDye 680CW). After the secondary
antibody incubation, the membrane was washed 3X in washing buffer (PBS with 0.1%
Tween-20) for 5 minutes on a shaker, followed by 1x final wash in PBS for 5 minutes
without light. Finally, the membrane was laid on the Odyssey scanner screen with protein
side down, and any bubbles underneath the membrane were removed by squeezing out
the liquid using a roller. Images were captured and quantitated using the Odyssey
software. Antibodies used in this portion of the study are listed in Table 2.
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Table 2. Primary Antibodies and Dilutions (OC)

Antibody

Species

Dilution

Osteoactivin

Mouse

1:1,000

PU.1

Rabbit

1:1,000

Caspase-12

Rabbit

1:1,000

RANK

Rabbit

1:250

P-ERK

Mouse

1:2,000

ERK

Rabbit

1:1,000

Integrin αV

Rabbit

1:500

Integrin β5

Rabbit

1:500

GAPDH

Rabbit

1:5,000

Company
R&D Systems,
Minneapolis, MN
Cell Signaling,
Danvers, MA
Cell Signaling,
Danvers, MA
Cell Signaling,
Danvers, MA
Cell Signaling,
Danvers, MA
Cell Signaling,
Danvers, MA
Santa Cruz, Santa
Cruz, CA
Santa Cruz, Santa
Cruz, CA
Cell Signaling,
Danvers, MA

Statistical Analysis
Prior to statistical analysis, all mechanical testing outputs were normalized to
body weight of each individual mouse with linear regression-based correction. This
correction decreased any variability in the data. All data presented is representative of at
least three independent experiments and the differences between wild-type and OA
mutant were determined using student’s t-test. All statistics were generated using
GraphPad Software. The differences were considered statistically significant if the pvalue < 0.05. All data is represented as mean ± standard error of the mean (SEM).
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Part III: Ex Vivo Osteoblast Methodology

Murine primary osteoblast isolation
Primary osteoblast cultures were obtained using neonatal mice (approximately 5-7
days of age). Parietal calvaria were dissected from neonatal pups. Following dissection,
calvaria were grouped according to genotype and subjected to sequential digestions of 5,
15,15, and 25 minutes at 37°C in a shaking water-bath with 2% collagenase type-II
(Calbiochem) prepared with 0.25% trypsin (Invitrogen). Cells from the initial 5 minute
digestion were discarded and those released from the subsequent 2nd to 4th digestions
were plated in 100 mm dishes (Falcon, Bedford, MA) at a density of 5×105 cells/plate in
Alpha Minimal Essential Medium (AMEM; Cellgro-Mediatech, Manassas, VA)
supplemented with 15% fetal calf serum (FCS; Thermo Fisher). The cells were incubated
at 37°C in the presence of 5% CO2 with change of media every 3 days until they reached
80% confluency. Cells were maintained in this state or frozen in AMEM with 10% FCS
and 10% DMSO for subsequent utilization.
Medium and Reagents
All cells were grown in Alpha Minimal Essential Medium. Completed medium
was then prepared by supplementation with 50 ml fetal bovine serum (CellgroMediatech), 5 ml 200 mM L-glutamine (Invitrogen), and 5 ml penicillin/streptomycin
solution (Invitrogen), per 450 ml AMEM. The final concentrations were 2 mM
glutamine, 100 μg/ml penicillin, 100 units/ml streptomycin and 10% serum. The
completed medium was warmed to 37ºC before use.
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Phosphate Buffered Saline (PBS) (1x) Mg2+ and Ca2+ free PBS was purchased
from Cellgro-Mediatech. PBS was purchased sterile and stored at 4ºC. Prior to use, PBS
was warmed to 37ºC.
Trypsin-EDTA, 10x stock Trypsin-EDTA (Invitrogen), was diluted to 1x working
solution by diluting with sterile PBS. The stock solution was stored at 4ºC. The working
solution was warmed to 37°C prior to use with cultures.
Routine Cell Culture
Cells were routinely grown in 100 mm cell culture dishes (Corning Life Sciences,
Lowell, MA) containing 7-10 ml completed medium in a humidified 5% CO2 incubator at
37°C. When cells reached 100% confluence, the medium was aspirated and the cells were
washed with 10 ml of PBS to remove any residual medium. 1 ml of 1x Trypsin-EDTA
was added to detach the cells from the plate. After waiting for approximately 2 min cells
were detached by tapping the plate. Nine ml of fresh complete AMEM was added to the
plate and the cell clumps were broken into single cells by repeated pipetting. Cells
suspensions were gathered into sterile 15 ml centrifuge tube and centrifuged at 1500 rpm
for 5 minutes in a refrigerated table top centrifuge at 4ºC. Following centrifugation,
supernate was aspirated and fresh complete medium was added to resuspend the pellet.
At this point, the suspension was split 1:4 into new 100 mm tissue culture plates. The
plate was then swirled to evenly distribute the cells and returned to the CO2 incubator.
Cell Counting
To count, cells were trypsinized and dissociated into single cells. Then 10 μl of
cell suspension was mixed with 10 μl Trypan Blue (Cellgro-Mediatech). From this
mixture, 10 μl was added to the chamber of the hemacytometer. The cell suspension
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filled the chamber through capillary action. The cells within the 4 corner squares were
counted. The total number of the cells was obtained by taking the total number of cells in
4 squares dividing by 4 and multiplying by the dilution factor of 2 and multiplying by the
total volume of suspension.
Freezing and Thawing Cells
Cells were frozen in liquid nitrogen for long-term storage. Cells selected for
storage were grown to confluence and then trypsinized followed by centrifugation. The
medium was then aspirated and the cell pellet was resuspended in 2 ml of ice-cold
DMSO Freeze Medium (Bioveris, Gaithersburg, MD). The cell suspension was
immediately dispensed in 1 ml aliquots in 1.8 ml freezing vials (Corning Life Sciences,
Lowell, MA) and frozen at -70ºC overnight. The vials were then moved to a liquid
nitrogen tank for long-term storage. To test the viability of the cells, one vial was thawed
after about two weeks.
To recover the cells from long-term frozen storage in the liquid nitrogen tank,
vials were thawed in a 37°C water bath and cells were transferred to a 15 ml Falcon tube
containing 10 ml of completed medium. Cells were then pelleted by centrifugation at
1500 for 5 min. The medium was then aspirated to remove the DMSO in the freezing
medium. Cells were then diluted in 7 ml of fresh complete AMEM and transferred to a
100 mm cell culture dish. The plate was then swirled to evenly distribute the cells and
returned to the CO2 incubator. The cells were then routinely cultured as indicated above.
Electron Microscopy
Primary osteoblast isolated from wild-type and OA mutant were cultured in
medium at a density of 5 x 105 cells per 100 mm tissue culture dish. Five days after
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plating, media was aspirated and cell layer was rinsed two times with phosphate buffered
saline. Cells were trypsinized and collected in 15 ml centrifuge tube with culture medium
containing 10% fetal bovine serum to neutralize the activity of trypsin. Samples were
centrifuged for 15 minutes at 1500 rpm in a table top centrifuge at 4°C. Following
centrifugation, media was aspirated and tubes inverted to remove any excess media. Cell
pellets were then fixed using 2.5% glutataraldehyde in 0.1 M cacodylate buffer pH 7.4 at
4°C.
Immunocytochemistry
Primary osteoblast cells isolated from wild-type and OA mutant mice were plated
in 2 well chamber slides (Lab-tek, Naperville, IL) at a density of 3,000 cells per well.
Two days after plating, the cells were rinsed with phosphate-buffered saline (PBS). After
rinsing, the cells were fixed by immersion in 3.7% formaldehyde (for 40 ml: 4 ml of 37%
formaldehyde diluted in 36 ml 1X PBS) at 4°C overnight. The diluted formaldehyde
solution was stored at 4° C and discarded after one week. Once the formaldehyde
solution was removed from the cells the chambers were washed 3 times with PBS. The
cells were then permeabilized by immersion addition of 0.18% Triton-X100 (18 μl Triton
X100 dissolved in 10 ml 1X PBS) for 10 minutes. The Triton-X100 solution was then
removed and the cells were rinsed 3 times with PBS.
Cells were then covered with blocking buffer (1% BSA dissolved in 1x PBS) for
30 minutes to minimized non-specific binding of the antibodies. Primary antibodies were
diluted to 1 μg/ml in blocking buffer. Next, blocking buffer was removed from the cells
by aspiration. 1000 μl of the primary antibody solution was then distributed onto each
well and allowed to incubate at 4°C overnight. Next day, chambers were then washed
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twice with PBS and once in 1X blocking buffer. The following antibodies were used:
Mouse anti-Osteoactivin (R&D Systems), TRITC-conjugated Phalloidin (Millipore,
Billereca, MA), and DAPI (Millipore).
The secondary antibodies were diluted to 1 μg/ml in blocking buffer. Next, the
blocking buffer was removed from the wells and 1000 μl of the appropriate secondary
antibody solution was added to each well. The coverslips were incubated with secondary
antibody solution for 60 minutes at room temperature. The secondary antibody solution
was removed by aspiration. Chambers were then washed with 3 times with PBS, for 5
min each wash. Once the secondary antibody solution was added, the chambers were kept
protected from light with aluminum foil.
Following incubation with secondary antibodies, all secondary was removed and
wells were rinsed 3 times with 1x PBS. Chambers were detached from the slides. Next a
single drop of Prolong Gold with DAPI (Invitrogen) mounting solution was applied to
each slide and coverslips were added to each slide. The slides were rinsed briefly in
ddH2O to remove the residual PBS. Next the water was removed from the non-cell side
using a Kimwipe, and the cell side blotted using a Kimwipe. The slides were then
allowed to dry overnight at room temperature in the dark before examination with the
microscope. To examine the slides, an Eclipse 800 fluorescent microscope with filters for
blue (DAPI), green (FITC), red (TRITC) fluorescence and UV light was used. A
QImaging Retiga Ex Digital Camera (Surrey, BC Canada) and Adobe Photoshop
software were used to capture images. The Adobe Photoshop software was also used for
merging and editing images.
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Osteoblast Differentiation
In order to differentiate osteoblasts from progenitors, 5 x 105 cells were plated in
a 100 mm tissue culture dish and cultured in the presence of 10% fetal calf serum
(Thermo Fisher Scientific). Differentiation of cells in complete medium was initiated by
adding 50 mM ascorbic acid and 10 mM β-glycerophosphate (Sigma Aldrich), thus called
osteogenic medium. Osteogenic medium was changed every third day. On day 14
osteoblasts were stained for alkaline phosphatase (ALP) and assessed for ALP activity
according to the manufacturer’s protocol (Sigma). ALP activity was normalized to the
total protein present per sample by quantification with a BCA protein assay (Pierce). On
day 21 osteoblasts were stained with Von Kossa and alizarin red, and calcium depositon
was measured by QuantiChrom Calcium Assay Kit (BioAssay Systems, Hayward, CA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay
In order to assess cell viability of osteoblast cells, we utilized CellTiter-Glo kit
purchased from Promega (Madison, WI). Primary osteoblasts isolated from control and
OA mutant neonatal pups were plated at a density of 1.6 x 104 cells/well of 96 well tissue
culture plate with a minimum of four replicates per condition per independent
experiment. Plates were incubated at 37°C in the presence of 5% CO2. Three days after
plating, plates were removed from incubator for the MTT assay.
Prior to starting the assay, the CellTiter-Glo Reagent (from kit) was equilibrated
to room temperature on the bench top for approximately 10 minutes. Culture media was
aspirated from all wells to be tested. A volume of 100 μl of CellTiter-Glo Reagent was
added to each well and the plates were covered with aluminum foil. Contents of plates
were gently mixed using an orbital shaker in induce cell lysis and allowed to incubate at
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room temperature for ten minutes to stabilize the luminescent signal. After incubation,
luminescent values were recording using a Wallac Victor2 1420 Multilabel Counter
(Perkins Elmer). Luminescent values recorded were displayed in graphical form and
statistical significance assessed using GraphPad Software.
Alkaline Phosphatase Staining
Primary osteoblasts isolated from control and OA mutant neonatal pups were
plated at a density of 5 x 104 cells/well of 24 well plate with a minimum of four replicates
per condition per independent experiment. The day following plating, medium was
aspirated and replaced with osteogenic media and incubated at 37°C in the presence of
5% CO2 with change of media every 3 days until Day 14 of culture when alkaline
phosphase staining was conducted using a kit purchased from Sigma-Aldrich.
At day 14, cultures were rinsed with approximately 2-3 mls of Hank’s Balanced
Salt Solution (Cellgro-Mediatech). Cells were then fixed for 30 seconds in citrate fixative
from kit. Following fixation, cells were rinsed twice with ddH2O for approximately 45
seconds each then staining solution was added. Staining solution was previously prepared
from reagents also found in the kit was prepared with 1:1 of sodium nitrate to FRVAlkaline solution. This mixture was then added to ddH2O and Napthol AS-B Alkaline
solution. Cells were incubated in staining solution protected from light for 15 minutes at
room temperature. Following incubation with stain, cells were rinsed with ddH2O and
allowed to air dry. To examine the staining pattern, a TE300 inverted microscope was
used. A Nikon Digital Sight DS Camera and NIS Elements F software were used to
capture images. The Adobe Photoshop software was used for merging and editing
images.
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Alkaline Phosphatase Activity
Primary osteoblasts isolated from control and OA mutant neonatal pups were
plated at a density of 5 x 104 cells/well of 24 well plate with a minimum of four replicates
per condition per independent experiment. The day following plating, medium was
aspirated and replaced with osteogenic media and incubated at 37°C in the presence of
5% CO2 with change of media every 3 days until Day 14 of culture when alkaline
phosphase staining was conducted using a kit purchased from Wako (Richmond, VA).
At Day 14, conditoned media was removed from each well into sterile
microcentrifuge tubes and either stored at -20°C or utilized immediately for ALP activity
assay. Prior to beginning the assay, the following reagents were prepared: working assay
solution and dilution series of standard solution. To prepare working assay solution, one
substrate tablet (from the kit) was dissolved into 5 ml of Buffer solution (also from kit;
2.0 mM/L MgCl2, 0.1 M Carbonate Buffer, pH 9.8). The standard series of 0.5, 0.25,
0.125, 0.0625 mM/L were prepared using Standard Solution (from kit; 0.5 mM/L ρNitrophenol Solution) diluted with distilled water.
The assay was performed in a 96 well (non-tissue culture treated) microplate. To
all wells, including test, blank, and standard, 100 μl of working assay solution was added.
Then 20 μl test sample, distilled water for blank, or dilution series for standard curve.
Following the addition of samples, the plate was gently shaken for 60 seconds and
incubated for 15 minutes at 37°C. After the incubation, 80 μl of Stop Solution (from kit;
0.2 M Sodium Hydroxide Solution) was added and the plate was allowed to shake gently
for 60 seconds. Absorbance at 405 nm was measured using a microplate reader (Bio-
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Rad). The absorbance readings were used to generate the standard curve. ALP activity
was calculated according to the following series of equations:

Activity (units/ μL) = (C ÷ 15) x a,

where C is the concentration of ρ-Nitrophenol released from sample, which is Atest –

Ablank, 15 is the reaction time in minutes, and a is the dilution factor of the sample. ALP
activity was then normalized to the total protein present per sample by quantification with
a BCA protein assay (Pierce). Data generated were displayed in graphical form and
statistical significance assessed using GraphPad Software.
Von Kossa Staining
Primary osteoblasts isolated from control and OA mutant neonatal pups were
plated at a density of 5 x 104 cells/well of 24 well plate with a minimum of four replicates
per condition per independent experiment. The day following plating, medium was
aspirated and replaced with osteogenic media and incubated at 37°C in the presence of
5% CO2 with change of media every 3 days until days 21 and 28 of culture.
At days 21 and 28, cultures were terminated for Von Kossa staining to visualize
mineral deposition. At days 21 and 28, cultures were rinsed under the tissue culture hood
with approximately 2-3 mls of Hank’s Balanced Salt Solution (Cellgro-Mediatech).
Following rinse, cultures were fixed for 10 minutes at room temperature with 2%
paraformaldehyde prepared in 0.1M cacodylate buffer from 40% paraformaldehyde stock
(Electron Microscopy Sciences). Cultures were rinsed with ddH2O and 3% silver nitrate
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(Sigma-Aldrich) prepared in ddH2O was added. Cultures were incubated in staining
solution for one hour in the direct contact with sunlight. Following incubation with
staining solution, cells are rinsed twice with ddH2O and fixed using 5% sodium
thiosulfate (Sigma-Aldrich) prepared in ddH2O for 2 minutes. Following fixation with
sodium thiosulfate, cells are rinsed with ddH2O and allowed to air dry. To examine
mineralized cultures, a Nikon TE300 inverted microscope was used. A Nikon Digital
Sight DS Camera and NIS Elements F software were used to capture images. The Adobe
Photoshop software was used for merging and editing images.
Alizarin Red Staining
Primary osteoblasts isolated from control and OA mutant neonatal pups were
plated at a density of 5 x 104 cells/well of 24 well plate with a minimum of four replicates
per condition per independent experiment. The day following plating, medium was
aspirated and replaced with osteogenic media and incubated at 37°C in the presence of
5% CO2 with change of media every 3 days until days 21 and 28 of culture.
Prior to experiment, 40 mM Alizarin Red staining solution was prepared. At days
21 and 28, cultures were terminated for Alizarin Red staining to visualize mineral
deposition. At days 21 and 28, cultures were rinsed under the tissue culture hood with
approximately 2-3 mls of PBS (Cellgro-Mediatech). Cultures were then fixed in 10%
formaldehyde solution at room temperature for 15 minutes. After fixation, cultures were
washed twice with ddH2O and excess ddH2O was removed. One milliter of 40mM
Alizarin Red Stain solution was added to each well. Plates were allowed to gently shake
at room temperature for 20 minutes protected from light. Following incubation, stain was
aspirated and cultures were rinsed four times with ddH2O and left at angle to dry. To
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examine mineralized cultures, a Nikon TE300 inverted microscope was used. A Nikon
Digital Sight DS Camera and NIS Elements F software were used to capture images. The
Adobe Photoshop software was used for merging and editing images.
Calcium Measurement
Primary osteoblasts isolated from control and OA mutant neonatal pups were
plated at a density of 5 x 104 cells/well of 24 well plate with a minimum of four replicates
per condition per independent experiment. The day following plating, medium was
aspirated and replaced with osteogenic media and incubated at 37°C in the presence of
5% CO2 with change of media every 3 days until days 21 and 28 of culture when calcium
measurement was conducted using a kit purchased from BioAssay Systems (Hayward,
CA).
At days 21 and 28, media was removed and cultures rinsed with 1 x PBS
(Cellgro-Mediatech). The PBS was removed from completely and 200 μL 0.5 N HCl
(Sigma-Aldrich) was added to solubilize the calcium present in the cell layer. The cell
layer was scraped and transferred to sterile eppendorf tube. Samples were vortexed and
stored overnight at room temperature to allow all the calcium to solubilize.
To read the samples we utilized QuantiChrom Calcium Assay Kit (BioAssay
Systems). Prior to beginning the assay, the working reagent and dilution series of
standard solution were prepared. To prepare the working reagent, equal volumes of
Reagent A and Reagent B (both from kit) were combined and allowed to equilibrate to
room temperature. The standard series of 0, 2, 4, 6, 8, 12, 16, and 20 mg/dL were
prepared using Calcium Standard Solution (from kit) diluted with distilled water.
Standards can be stored at 4°C for future use.
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The assay was conducted in a 96 well clear bottom plate. Five microliters of
diluted standards and samples were pipetted into the wells in quadruplets per sample per
condition. Then 200 μL of working reagent was added to every well and tapped lightly to
mix. The plate was incubated at room temperature for 3 minutes. Following incubation,
optical density was read at 595 nm using a microplate reader (Bio-Rad).
The absorbance readings were used to generate the standard curve. Calcium
concentration per sample was calculated according to the following equation:

Calcium Concentration (mg/ dL) = (ODSAMPLE - ODBLANK) ÷ Slope,

where ODSAMPLE and ODBLANK are OD595nm values of sample and sample blank and Slope
is generated from the linear regression. Data generated were displayed in graphical form
and statistical significance assessed using GraphPad Software.
Protein Estimation and Western Blotting
Primary osteoblasts isolated from control and OA mutant neonatal pups were
plated at a density of 5 x 105 cells in 100 mm tissue culture plate with a minimum of four
replicates per condition per independent experiment. The day following plating, medium
was aspirated and replaced with osteogenic media and incubated at 37°C in the presence
of 5% CO2 with change of media every 3 days until days 7, 14, and 21 of culture. At days
7, 14, and 21 in culture with osteoblast differentiation media, cells grown on plates were
washed with PBS. Next, the cells were trypsinized and resuspended in 9 ml AMEM
containing FBS. The cells were then pelleted by centrifugation at 1500 rpm for 15
minutes. The media was then aspirated and the cells were resuspended in 1 ml of PBS
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and transferred to a 1.5 ml tube. Cells were once again pelleted by centrifugation at 700g
for 5 min. The PBS was aspirated from the cell pellet and the cells were lysed using
RIPA Buffer and western blot was conducted (as previously described above). Antibodies
used in this portion of the study are listed in Table 3.

Table 3. Primary Antibodies and Dilutions (OB)
Antibody
Osteoactivin

Species

Dilution

Mouse

1:1,000

KDEL

1:1,000

Caspase-12

Rabbit

1:1,000

RANKL

Rabbit

1:250

CHOP

Mouse

1:2,000

β-Actin

Rabbit

1:5,000
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Company
R&D Systems,
Minneapolis, MN
Abcam,
Cambridge, MA
Cell Signaling,
Danvers, MA
Cell Signaling,
Danvers, MA
Cell Signaling,
Danvers, MA
Sigma-Alrich, St.
Louis, MO

CHAPTER 4
RESULTS

Part I: Characterization of OA Mutant Mice In Vivo

Osteoactivin mutant mice have more bone volume compared to wild-type
control mice. Anderson et al. [2002] were the first to publish works on the commercially
available OA mutant mice. Their studies characterized the model with an association to a
dramatic eye phenotype resulting in pigmentary glaucoma associated with the presence of
only a truncated form of osteoactivin. We sought to characterize the skeletal phenotype of
these mice. Bones were collected from male mice at multiple ages. As can be seen in
Figure 5, at 4 weeks of age there was a significant increase in trabecular bone volume as
a percent of tissue volume (BV/TV) in proximal regions of the tibia. Values for BV/TV,
trabecular number (Tb. Th.) and trabecular thickness (Tb. Th.) are represented in Table 4.
Taken into consideration data of the abovementioned parameters, this data suggests that
at an age where bone formation is in its peak there is increased bone volume in OA
mutant mice compared to wild-type mice.
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Figure 5.
Wild-type

OA Mutant

Figure 5. Increased trabecular bone in tibia of OA mutant mice.
Representative images of μCT analysis of proximal tibiae from 4 week wild-type and OA
mutant male mice. For comparison, a sample set including n=10 mice per strain was
analyzed.

Table 4.
Parameter
Bone
Volume/Tissue
Volume
(BV/TV, %)
Trabecular
Thickness
(Tb. Th., mm)
Trabecular
Number
(Tb. N., 1/mm)

Wild-Type

OA Mutant

3.63 ± 0.54

5.55 ± 0.66 **

0.01 ± 0.01

0.02 ± 0.01

3.37 ± 0.04

4.70 ± 0.05 *

Table 4. MicroCT analysis of trabecular bone of tibia from 4 week old male WT and
OA mutant mice revealing increased bone volume in mutants. The table represents
parameters of trabecular bone obtained through μCT. Mean ± SEM (n=10 animals per
strain). * p<0.05 compared to wild-type. **p<0.01 compared to wild-type.
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Increased osteoclast numbers in osteoactvin mutant mice. Skeletal homeostasis
is maintained by a coupled action of bone resorptive osteoclasts and the osteoblasts,
which act to form bone. Histological analysis of femoral metaphyseal area of sections
stained with TRAP (tartrate resistant acid phosphatase) indicate osteoclasts are
significantly increased in number in OA mutant mice (Figure 6). Histological sections of
femurs from OA mutants show more numbers of TRAP-positive multinuclear OC cells
lining trabecular bone with increased size compared to wild-type at 8 and 12 weeks of
age. Additionally, serum levels of TRAP 5b were measured using a commercial kit from
Sigma Aldrich. TRAP 5b is a marker of osteoclast cell number in vivo [Altalo et al.,
2000]. In serum isolated from OA mutant mice, TRAP 5b levels were also elevated
compared to serum isolated from wild-type mice (Figure 6). Taken together, these data
suggests that OA mutant mice have a phenotype associated with increased osteoclast
number in vivo.
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Figure 6.
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Figure 6 (continued).
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Figure 6. OA mutant mice exhibit increased osteoclast numbers in vivo.
For static analysis of bone resorption parameters, femurs were cut in sagittal sections. A)
TRAP stained femoral metaphyseal sections of wild-type and OA mutant animals at 8
and 12 weeks of age. B) Number of osteoclasts/bone surface. Mean ± SEM (n=5 animals
per strain). * p<0.05 compared to age-matched wild-type. C) Serum TRAP5b levels were
assayed from WT and OA mutant mice at 8 weeks, 12 weeks, and 6 months of age, *
indicates p<0.05 compared to wild-type control. ** indicates p< 0.01 compared to wildtype control.
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Osteoactivin mutant mice exhibit have decreased bone formation and
resorption. The histological analyses of femoral section revealed abnormal osteoclast cell
number associated with the OA mutant mouse. These data led us to investigate functional
biomarkers of bone cell activity present in the serum of the mice. Levels of C-telopeptide
of type I collagen (CTX), and osteocalcin were measured using mouse sandwich enzymelinked immunosorbent assay (ELISA) according to the recommendations of the
manufacturer (Immunodiagnostic Systems, Fountain Hills, AZ). Sera was isolated via
cardiac puncture from 12 week old male mice of wild-type and OA mutant background.
All samples were assayed in triplicate for both biomarkers. A standard curve was
generated from each assay, and the absolute concentrations were extrapolated from the
standard curve. The coefficients of variation for interassay and intraassay measurements
were <10% for all assays and were similar to the manufacturers' reference values. We
observed in sera samples collected from OA mutant mice a significant reduction in CTX,
a bone resorption biomarker, and osteocalcin, a bone formation biomarker (Figure 7).
These data suggests that mutation in osteoactivin protein results in diminished bone
turnover in vivo.
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Figure 7.
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Figure 7. Bone cell function is decreased in OA mutant mice.
Serum levels of CTX and osteocalcin were measured by ELISA in samples isolated via
cardiac puncture from 12 week old male WT and OA mutant mice. A) The amount of
CTX present in the serum is indicative of osteoclast resorptive activity. B) Osteocalcin
levels indicate bone formation in vivo. Graphs represent data expressed as mean ± SEM
(n=4), * indicates p<0.05 compared to wild-type control. ** indicates p< 0.01 compared
to wild-type control.
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OA mutant mice exhibit increased bone strength. The interplay between bone
resorbing osteoclasts and bone forming osteoblasts in addition to mechanical stimuli
loading sensed by osteocytes plays a critical role in bone strength. Since we have
previously shown that osteoactivin is a key protein involved in bone cell interaction, we
sought to examine bone strength in the OA mutant mouse. Bone strength is described as
the ability of bone to resist fracture or damage. Long bones from wild-type and OA
mutant mice (n=10 per strain at 12 weeks of age) were collected and stored with a saline
solution in -20°C. Bones were mechanically analyzed by three-point bending. Indices for
mechanical properties were determined from the plot of displacement versus force, where
linear slope of the graph is representative of the stiffness of the bone. Significant
increases were found in peak moment and energy to failure of OA mutant femurs
compared to wild-type (Figure 8 A and B). Additionally, Figure 8 C shows a significant
increase in stiffness. Additional strength parameters are listed in Table 5. Significant
increase in toughness is also to be noted (data not shown). Taken together this data
suggests that in the absence of full-length osteoactivin protein, the increase in bone
volume results in a mechanically stronger bone that requires more load to break.
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Figure 8.
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Figure 8. Mechanical properties of strength are increased in OA mutant mice
compared to wild-type (control) mice at 12 weeks.
Femurs from WT and OA mutant male mice were dissected from mice at 12 weeks of
age. Femurs were tested with the application of a predetermined constant load of 0.05
mm/s until failure. A) Values for peak moment. B) Values for energy to failure. C)
Values for stiffness. All graphs represent data expressed as mean ± SD (n=10), *
indicates p<0.05 compared to wild-type control. ** indicates p< 0.01 compared to wildtype control.
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Table 5.

Peak Moment
(Nmm)
Failure Moment
(Nmm)
Yield Moment
(Nmm)
Stiffness
(Nmm2)
Yield Displacement
(mm/mm2)
Failure Displacement
(mm/mm2)
Post Yield Displacement
(mm/mm2)
Energy
(Nmm*mm/mm2)
Energy Post Yield
(Nmm*mm/mm2)

Wild-Type

OA Mutant

28.73 ± 3.95

35.46 ± 3.55**

24.73 ± 6.18

32.17 ± 4.42**

28.28 ± 3.52

34.90 ± 3.41*

1056.45 ± 151.41

1505.65 ± 168.62*

0.0295 ± 0.0060

0.0260 ± 0.0025

0.0347 ± 0.0037

0.0335 ± 0.0034

0.0040 ± 0.0023

0.0054 ± 0.0027

0.5999 ± 0.0919

0.7237 ± 0.1279*

0.1251 ± 0.0604

0.2240 ± 0.1275

Table 5. Mechanical properties of strength are increased in OA mutant mice
compared to wild-type (WT) at 12 weeks. Tibias from WT and OA mutant male mice
were dissected at 12 weeks of age. Femurs were tested with the application of a
predetermined constant load of 0.05 mm/s until failure. Data is expressed as mean ± SD
(n=10), * indicates p<0.05 compared to wild-type control. ** indicates p< 0.01 compared
to wild-type control.
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Part II: OA Mutant Osteoclasts are Defective Ex Vivo

Osteoclasts express osteoactivin in vitro. Having identified OA expression in
bone and previously documented its expression associated with that of bone-forming
osteoblast [Safadi et al., 2002], we next sought to verify endogenous expression of OA
protein in bone-resorbing osteoclast cells. Osteoclasts were differentiated from wild-type
control mice 6-8 weeks of age in the presence of 50 ng/ml M-CSF and 100 ng/ml RANKL. HSCs were isolated and primed with M-CSF to induce RANK expression. Following
priming, RANK-L and M-CSF were added and cultures were differentiated until large
multinucleate osteoclast cells were observed at 6 days in culture. Western blot analysis
showed that OA is expressed in both osteoclast precursors (day 0, no RANK-L) and
mature osteoclasts (day 6), with more robust expression observed in mature cells Figure
9. This result confirms osteoactivin is also expressed by osteoclast progenitors and
mature osteoclast cells suggesting OA might play a role in osteoclast differentiation and
function.
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Figure 9.

Figure 9. Osteoclasts express OA.
Western blot analysis of OA in pre-osteoclasts (Pre-OC) and differentiated osteoclasts
(Mature OC). For day 0 time point, pre-OC protein was isolated after 48 hours treatment
with 50 ng/ml M-CSF but before the addition of RANK-L. Protein from Mature OC was
isolated after 6 days differentiation with 100 ng/ml RANK-L and 50 ng/ml M-CSF.
Western revealed two isoforms of OA represent mature (mOA) at 115 kDa and immature
(iOA) at 65 kDa and the OA expression level increases as OC differentiate. This result
was replicated in 3 independent experiments.

Treatment with exogenous osteoactivin enhances osteoclast survival and
differentiation in WT mice ex vivo. We next sought to examine the effects of the addition
of exogenous recombinant osteoactivin on osteoclast cultures. Osteoclast progenitors
were isolated and differentiated from control, wild-type animals (DBA). Cell survival in
pre-fusion osteoclasts were examined using the MTT assay (Promega). To accomplish
this non-adherent bone marrow cells were isolated from wild-type mice and plated in 96well plates at a density of 10,000 cells per well with 50 ng/ml M-CSF for 48 hours. The
night prior to stopping the cultures, half the wells were treated with 100 ng/ml RANK-L
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and returned to the incubator. Following a total of 48 hours in culture, culture media was
aspirated and MTT reagent was added to each well. The plate was allowed to gently
shake then incubated protected from light for 10 minutes. Relative fluorescence units
were measured using a fluorometer. As shown in Figure 10A, the exogenous of 100
ng/ml recombinant OA (R& D System) was able to significantly enhance pre-fusion
osteoclast cell survival and this difference was found to be statistically significant at
p<0.05. To further examine the effects of rmOA on osteoclast differentiation, cultures
were differentiated in the presence of RANK-L and M-CSF for approximately 4-6 days.
Approximately 12 hours prior to desired termination of cultures, a set of wells were
treated with 100 ng/ml rmOA and returned to the incubator. At termination both control
and treated cultures were removed from incubators, media was aspirated, and cells were
fixed using 4% paraformaldehyde overnight at 4°C. Following fixation, cultures were
TRAP stained and visualized under inverted bright microscope. Representative images
seen in Figure 10B (untreated) and 10C (rmOA treated) show more TRAP positive
osteoclast cells in cultures that were treated with exogenous OA for 12 hours. The cells
per well were quantified and the differences found to be significant (Figure 10D). Cell
survival was found to be significantly increased in the presence of rmOA (Figure 10A).
These results suggest that treatment with rmOA enhances osteoclast cell survival and
differentiation in wild-type mice.
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Figure 10.
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Figure 10. Treatment with rmOA enhances osteoclast cell differentiation.
A) Cell survival was assayed in Pre-OCs in the presence or absence of 100 ng/ml rmOA.
Bone marrow-derived cultures were plated in 96 well plate at a seeding density of 10,000
cells per well and treated with 50 ng/ml M-CSF for 48 hours. Cell viability was assessed
using Promega CellTiter-Glo MTT assay. Data presented are the sum of 3 independent
experiment with mean ± SEM (n=3), * p< 0.05 compared to untreated control controls.
B) Representative images of OCs differentiated from BM of wild-type mice at 6 weeks of
age untreated. C) Representative images of OCs differentiated from BM of wild-type
mice at 6 weeks of age in the presence of 100ng/ml rmOA. Cultures were fixed after 6
days of differentiation with RANK-L and M-CSF and stained for TRAP. TRAP+positive
multinuclear cells were visualized and counted. D) Osteoclast cell numbers are presented
as mean + SEM (n=4), * p< 0.05 compared to untreated control controls.

Osteoclast derived from OA mutant mice have delayed differentiation ex vivo.
We next sought to investigate osteoclast differentiation and function derived from OA
mutant mice. As previously discussed, OA mutant mice express truncated OA protein as
a result of a pre-mature stop codon. This leads to the generated of a 150 amino acid form
of osteoactivin. Having shown that OA is expressed by osteoclast and that treatment with
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rmOA enhances osteoclast survival and differentiation, we examined whether this
truncated protein has any effects on osteoclast differentiation and function ex vivo. Cell
survival was assayed using MTT assay in hematopoietic stems cells (HSCs) and prefusion osteoclast isolate from wild-type and OA mutant animals. We found decreased cell
survival in both HSCs and pre-fusion osteoclasts isolated from OA mutant animals
compared to wild-type (Figure 11 A and B). As shown in Figure 11 C and D, cultures
differentiated from OA mutant mice had decreased TRAP positive osteoclast cells
compared to wild-type and this is represented graphically in Figure 11 E. These data
suggests that osteoclast derived from OA mutant mice have impaired differentiation ex
vivo.
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Figure 11.
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Figure 11 (continued).
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Figure 11. Mutation in OA protein results in defective osteoclast cell survival and
differentiation ex vivo.
A+B) Cell survival was assayed in bone marrow-derived hematopoietic stem cell and
pre-fusion osteoclast cultures using Promega CellTiter-Glo. Data is presented as mean ±
SEM (n=6), * indicates p< 0.05 and ** indicates p<0.01 compared to wild-type control.
C) WT and OA mutant osteoclasts were differentiated in the presence of 100 ng/ml
RANK-L and 50ng/ml M-CSF for 6 days. After which, cells were fixed and stained for
TRAP. D) TRAP+ multinuclear cells were quantified. Cell numbers are presented as
mean ± SEM (n=4), *** indicates p< 0.001 compared to wild-type control.
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Osteoclasts derived from OA mutant mice have a demonstrated functional
defect ex vivo. Since osteoclasts derived from OA mutant mice exhibit delayed
differentiation, we next sought to examine osteoclast function in OA mutant mice.
Hematopoietic stems cells were isolated from wild-type and OA mutant mice and
differentiated with M-CSF and RANK-L over mineralized osteologic discs (BD
Biosciences). Cultures were maintained for approximately 6 days with the media being
replenished every other day. At termination, cultures were fixed and stained for Von
Kossa to visualize minerals. As shown in Figure 12 A, osteoclasts from OA mutant mice
failed to resorb as much minerals as wild-type controls. Resorption was visualized
microscopically and quantified using BIOQUANT. Percent resorption values are
represented in a graph in Figure 12 B. Taken together, this shows that osteoclasts with
mutation in OA are defective in function.
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Figure 12.
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Figure 12. Mutation in OA results in defective OC cell function ex vivo.
A) BM-derived OC cells were differentiated onto osteologic discs for 6 days in the
presence of 100 ng/ml RANK-L and 50 ng/ml M-CSF. Following differentiation, discs
were stained with Von Kossa and resorption area visualized using an inverted
microscope. B) Percent of resorption using multiple fields was quantified using
BIOQUANT and data are presented as mean ± SEM (n=4), ** indicates p<0.01
compared to wild-type control.
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Addition of exogenous rmOA is able to rescue osteoclast differentiation in OA
mutant derived osteoclasts. We have shown that exogenous addition of osteoactivin is
able to enhance osteoclast cell survival and differentiation ex vivo under normal
conditions. We next sought to examine whether exogenous addition of OA is able to
rescue the previously observed defect in osteoclast cell differentiation in OA mutant
mice. Osteoclasts were derived from non-adherent bone marrow cells isolated from OA
mutant mice approximately 6-8 weeks of age. They were cultured in the presence of 50
ng/ml M-CSF and 100 ng/ml RANK-L. As seen in representative images (Figure 13 A
and B), the differentiation of OA mutant osteoclasts was enhanced with the exogenous
treatment of 100 ng/ml rmOA. Cell numbers per well were counted under an inverted
microscope and represented in graphical form in Figure 13 C. This indicates that the
previously observed defect in osteoclast differentiation is reversed by rmOA treatment.
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Figure 13.
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Figure 13. Addition of exogenous rmOA rescues impaired OC differentiation and
function in OA mutant ex vivo.
A+B) OA BM-derived OC cells were differentiated in the presence of 100 ng/ml RANKL and 50 ng/ml M-CSF for 6 days. Following differentiation, cultures were fixed and
stained for TRAP C) TRAP+ multinuclear cells were quantified. Cell numbers are
presented as mean ± SEM (n=4), ** indicates p< 0.01 compared to untreated control.
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OA mutant derived pre-fusion osteoclasts have impaired cell adhesion. Cell
adhesion plays critical roles in the normal cell functions. It contributes to cellular
organization and structure, proliferation and survival, metabolism, and gene expression.
Osteoclasts cell adhesion is vital to many aspects by allowing migration and function.
The osteoclast’s predominant cell matrix adhesion molecule is vitronectin. We examined
osteoclast cell adhesion to vitronectin in control and OA mutant cultures. Non-adherent
bone marrow cells isolated from wild-type and OA mutant mice were allowed to
differentiate for 48 hours in osteoclastogenic medium to form pre-fusion osteoclasts. Prefusion cells were serum starved for 6 hours, lifted and plated over 1% BSA (control) and
vitronectin matrix (5 μg/ml). Following thirty minutes, cells were washed and fixed.
Cells were imaged and number of adherent cells per field were quantified. Four fields per
data point were analyzed and data is expressed as mean+SEM. As seen in Figure 14, OA
mutant osteoclasts exhibited decreased cell adhesion to vitronectin, a primarily
osteoclast- specific receptor, while there were no significant differences seen in the
number of cells attached to the control. This suggests that OA mutant derived osteoclasts
have impaired adhesion.
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Figure 14.
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Figure 14. OA mutant-derived preOCs exhibit defective adhesion on vitronectin.
Bone marrow-derived osteoclast progenitors were isolated from long bones of WT and
OA mutant mice at 8 weeks of age. Cells were primed with osteoclastogenic media
supplemented with 50 ng/ml M-CSF to induce a pre-fusion osteoclast cell population.
These cells were used for the adhesion assay. They were serum starved and lifted and
replated over 1% BSA (control) or vitronectin. Number of attached cell per field were
quantified. Cell numbers are presented as mean ± SEM (n=4), * indicates p< 0.05
compared to wild-type control.
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Decreased osteoclast related gene expression in cells derived from OA mutant
mice. Having documented an observable defect in osteoclast cell viability, differentiation,
and function in osteoclasts differentiated ex vivo from OA mutant mice, we next assessed
expression of osteoclast related genes throughout osteoclast differentiation. Non-adherent
bone marrow cells were isolated from wild-type and OA mutant mice. With the addition
of M-CSF and RANK-L to culture media, cells underwent osteoclast differentiation.
Cultures were stopped at early (day 2), middle (day 4), and late (day 6) differentiation
time points and RNA was isolated from cultures. Following conversion to cDNA and
testing of integrity (data not shown), samples were analyzed via qPCR for the following
osteoclast associated genes: PU.1, MITF, TRAP, RANK, Cathepsin K (CTSK) and Beta3 Integrin. As seen in Figure 15 A, early osteoclast cultures showed an observed decrease
in expression in early osteoclast commitment markers MITF and PU.1. Panel B of Figure
15 reveal decreased message levels of TRAP, RANK, Cathepsin K (CTSK), and Beta-3
Integrin. In Panel C of Figure 15, we see at a late differentiation time point decreased
CTSK and TRAP. Taken together qPCR results suggest that osteoclasts derived from OA
mutant have decreased gene expression of early commitment markers in addition to
differentiation and functional markers. Collectively hematopoietic transcription factors
MITF and PU.1, both found to be reduced in OA mutant derived osteoclasts, are
responsible for up-regulation of RANK expression in cells during early commitment to
the osteoclast lineage. Thus the osteoclast phenotype we observe ex vivo could be
attributed to this defect at the messenger RNA level beginning with the earliest required
osteoclast commitment gene markers.
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Figure 15.
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Figure 15 (continued).
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Figure 15 (continued).
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Figure 15. qPCR analysis of OC–related gene markers.
Expression of osteoclast-associated genes, PU.1, MITF, TRAP, RANK, CTSK, and Beta-3
Integrin in ex vivo osteoclast cultures differentiated from WT and OA mutant mice. A)
Osteoclast cultures at an early phase (day 2) of differentiation were assessed for markers
of osteoclast commitment. B) Osteoclasts cultures at mid-point (day 4) of differentiation
were assessed for differentiation and functional markers. C) Osteoclasts cultures at late
differentiation (day 6) were assessed for differentiation and functional markers.

89

Part III: Osteoblast derived from OA Mutant Mice Exhibit Delayed Differentiation
and Maturation

Osteoblasts derived from OA mutant mice exhibit impaired alkaline
phosphatase staining and activity. Safadi et al. [2002] was the first to document that
osteoactivin is expressed by bone forming osteoblasts. They observed in primary rat
osteoblast cultures that osteoactivin expression increases during development with
maximal expression observed during terminal differentiation (approximately day 17-21
of culture). In further studies, Abdelmagid [2008] utilized anti-OA antibody to show a
functional role of OA to decrease osteoblast differentiation compared to untreated control
cultures. We sought to evaluate the ability of the OA mutant osteoblast to differentiate ex
vivo. We first assayed alkaline phosphatase staining and activity. After 14 days in culture
with osteogenic media WT and OA mutant primary osteoblasts were fixed for alkaline
phosphatase staining or harvested for measurement of ALP activity. Micrographs of
alkaline phosphatase stained cultures revealed less staining in OA mutant compared to
wild-type control cultures (Figure 16 A). Quantification of alkaline phosphatase enzyme
activity present in the cultures show decreased alkaline phosphatase associated with OA
mutant osteoblast compared to WT (Figure 16 B). Taken together, these data suggests
OA mutant osteoblast have decreased progression of early osteoblast differentiation and
maturation.
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Figure 16.
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Figure 16. Calvarial primary osteoblasts derived from OA mutant mice show
decreased levels of ALP activity ex vivo.
WT and OA mutant primary osteoblast were differentiated in osteogenic media for 14
days. Every third day the osteogenic was replaced. A) Osteoblasts stained for ALP and
B) ALP enzyme activity at day 14. The graph represents data expressed as mean ± SEM
(n=4), *p<0.05 compared to wild-type cultures.
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OA mutant osteoblasts have impaired calcium deposition and matrix
mineralization. We continued the assessment of osteoblast differentiation and maturation
by assessing calcium deposition and matrix mineralization at day 21 in culture. WT and
OA mutant primary osteoblasts were cultured in osteogenic media for 21 days, with the
media being replenished every three days. At day 21, cultures were terminated and fixed
for staining and solubilized for calcium quantification. Von Kossa staining of cultures,
which stains calcium and phosphate deposits, indicated significant reduction in OA
mutant osteoblast compared to wild-type (Figure 17 A). Additionally, Alizarin red
staining, which is another method for visualizing calcium deposits, also showed reduction
in mutant-derived cultures (Figure 17 B). When cell layer was solubilized and calcium
quantified, we found a significant reduction in calcium present in OA mutant osteoblast
cultures compared to wild-type cultures (Figure 17 C). The above results suggest OA
mutant-derived osteoblasts have an inherent defect in osteoblast differentiation and
matrix mineralization. Taken together, these data indicate that in ex vivo culture system in
the absence of full-length osteoactivin protein there is a defect in osteoblast function.
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Figure 17.
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Figure 17 (continued).
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Figure 17. Primary osteoblasts derived from OA mutant mice exhibit decreased
matrix maturation and mineralization ex vivo.
WT and OA mutant primary osteoblast were differentiated in osteogenic media for 21
days. Every third day the osteogenic media was replaced. A) WT and OA mutant
osteoblasts stained for Von Kossa. B) WT and OA mutant osteoblasts stained for Alizarin
Red. C) Calcium quantification at day 21. The graph represents data expressed as mean ±
SEM (n=4), *p<0.05 compared to wild-type.
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Truncated OA has no deleterious effect on endoplasmic reticulum stress or
apoptosis. We have proven a cell autonomous defect in OA mutant-derived osteoblast
differentiation. The knowledge exists that in truncated protein animal models that likely
due to the lack of many key domains that OA (in the case of our model) is not processed
properly or is actually retained in the endoplasmic reticulum. With this in mind, it can
further be suggested that the osteoblast phenotype observed in the OA mutant is
attributable to stress mechanism or toxicity. We sought to identify the role, if any, of ER
stress or cell toxicity in OA mutant osteoblasts. We investigated protein level of
biochemical markers for ER stress and toxicity. Wild-type and primary osteoblast cells
were cultured in osteogenic media for 7, 14, and 21 days. At the indicated time points,
samples were collected and processed for protein extraction by RIPA. KDEL (lys-aspglu-leu), is a endoplasmic reticulum protein retention motif [St-Arnaud et al., 1995].
Furthermore, cultures were assayed for activation of caspase-12, the enzyme’s active
form observed at induction of apoptosis. Caspase-12 activation is downstream and
secondary to ER stress. Protein expression data revealed no observable changes in KDEL
(Figure 18 A). To establish a control for this system, we employed treatment with the
drug thapsigargin, which has been shown to induce ER stress in osteoblasts over a range
of concentrations [Hamamura and Yokota, 2007]. Wild-type osteoblast cultures were
treated with single dose of 10 nM thapsigargin to simulate ER stress in vitro. When we
assayed for caspase-12 activation via Western blot we were able to see enzyme activation
in wild-type cultures treated with drug (Figure 18 B). Furthermore, when we examined
osteoblast morphology via scanning electron microscopy we found that ER in OA mutant
mice exhibits continuous membrane system similar to that observed in wild-type (Figure
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18 C). In our drug-treated cultures, we can observe severe disruption of the ER-golgi
network morphology. These findings support that the presence of truncated OA protein
does not lead to morphological disruption of the ER network. Taken together, these data
serve to eliminate the possibility that ER stress or cell toxicity as a result of ER stress in
the observed OA mutant osteoblast phenotype. Truncated OA protein does not have any
deleterious effect on ER stress or apoptosis.

Figure 18.
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Figure 18 (continued)
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Figure 18. OA mutant osteoblasts do not undergo ER stress.
WT and OA mutant primary osteoblast were differentiated in osteogenic media for 7, 14,
and 21 days. Every third day the osteogenic was replaced. At indicated time points,
samples were collected for protein extraction. Twenty-five micrograms of protein was
loaded for each gel. A) Western blotting was used to assess protein expression of KDEL.
B) Western blotting was used to assess protein expression of caspase-12. C) Electron
micrograph of osteoblasts from wild-type, OA mutant, and drug treated cultures at 7
days. Arrows directed towards ER structures. N denotes location of nucleus.
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OA mutant osteoblast exhibit decreased proliferation and survival. Having
identified an osteoblast autonomous effect of OA and disputing any notions of ER stress
or cell toxicity in OA mutant osteoblasts, we next sought to identify any changes in
osteoblast cell proliferation or survival. We investigated this notion by assessing
osteoblast proliferation rate and cell survival of ex vivo cultures derived from WT and
OA mutant mice. To assess cell proliferation, osteoblast cell cultures were grown to
confluence in the absence of serum for 72 hours. As indicated in Figure 19 A, Cyquant
assay demonstrates decreased proliferation in OA mutant osteoblast as compared to wildtype cultures.
MTT assay was conducted using a kit from Promega to assess cell survival.
Primary calvarial osteoblasts isolated from wild-type and OA mutant neonatal pups were
plated with 2.5% serum at a density of 1.6 x 104 cells/well of 96 well tissue culture plates
with a minimum of four replicates per condition per independent experiment. Plates were
incubated at 37°C in the presence of 5% CO2. Three days after plating, plates were
removed from incubator for the MTT assay. As indicated in Figure 19 B, decreased cell
survival was observed in primary osteoblast cultures derived from OA mutant mice
compared to WT control.
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Figure 19.
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Figure 19. OA mutant osteoblast exhibit decreased proliferation and survival ex
vivo.
WT and OA mutant primary osteoblast were grown to confluence. At approximately 3
days in culture, cell proliferation was assessed via CYQUANT method and cell survival
was measured via MTT assay. A) WT and OA mutant osteoblasts assessed for cell
proliferation. B) MTT assay to detect cell survival. Graphs represents data expressed as
mean ± SEM (n=6), *p<0.05 compared to wild-type.
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Addition of recombinant OA to WT and OA mutant osteoblast works to
positively regulate osteoblast cell proliferation and survival. To delineate whether or not
OA is directly involved in the observed defects of cell proliferation observed in OA
mutant osteoblasts, we next assessed both proliferation and survival with exogenous
addition of recombinant OA. We found that recombinant OA was able to enhance cell
survival (data not shown) and proliferation in both WT and OA mutant cultures ex vivo
(Figure 20).

Figure 20.
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Figure 20. Addition of exogenous OA enhances osteoblast cell proliferation and
survival ex vivo in WT osteoblast cultures.
WT mutant primary osteoblasts were grown to confluence. At approximately 3 days in
culture, cell proliferation was assessed via CYQUANT method and cell survival was
measured via MTT assay. Twelve hours prior to assays being conducted media was
supplemented with 100 ng/ml recombinant osteoactivin. A) WT osteoblasts assessed for
cell proliferation. Graphs represents data expressed as mean ± SEM (n=6), **<0.01
compared to wild-type.
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Taken together, these data reveal an osteoblast cell autonomous effect of
osteoactivin in osteoblasts ex vivo. Osteoblasts isolated from OA mutant osteoblasts show
decreased differentiation as indicated by significantly reduced alkaline phosphatase
staining and enzyme activity. Additionally, OA mutant osteoblasts show decreased
matrix deposition, mineralization, and maturation. These observed phenotypes cannot be
attributed to endoplasmic reticulum stress or toxicity. Our results do implicate decreased
osteoblast cell proliferation and survival as a factor in the attenuated osteoblast cell
differentiation observed in OA mutant-derived cells ex vivo.
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CHAPTER 5
DISCUSSION

Bone is a dynamic tissue, which along with ligaments, tendons, and tissue
comprise the skeletal system. The skeleton serves several key functions to include:
determining body shape, protecting vital organs, and enabling locomotion [Marks and
Hermey 1996]. Bone remodeling is a process by which old bone is resorbed and replaced
by new bone. The cells integral to the remodeling process are bone-forming osteoblasts
and bone-resorbing osteoclasts. Any changes in the balance of bone formation and bone
resorption can lead to various disease pathologies, such as osteopetrosis, a rare ailment
characterized by bones becoming overly dense, or an ailment more frequently observed
osteoporosis, identified by low bone mass, increased bone fragility, and susceptibility to
fracture [Orwig et al., 2006]. Understanding the factors that regulate bone remodeling is
of interest to the basic science and clinical research communities. Identification of
molecules that may be implicated in this remodeling can lead to the generation of
therapies that can act on bone in anabolic fashion or protect existing bone from excessive
remodeling.
Previous studies from our laboratory discovered and named OA from mRNA
differential display of the osteopetrotic (op) mutant rat model [Popoff and Marks, 1995].
Later works from our group found OA expression to be highly localized to bone, more
specifically osteoblast-rich regions of the bone. In situ hybridization allowed for the
visualization of OA mRNA in bone associated with active osteoblasts [Safadi et al., 2001].
Differentiation of primary osteoblast cultures also determined that OA is not only
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associated with osteoblast differentiation, but it peaks during terminal osteoblast
differentiation (matrix deposition and mineralization) [Abdelmagid et al., 2008]. Based
on preliminary observations, we proposed OA as a probable candidate molecule in
regulating bone cell differentiation.
To better understand biological function of OA in skeletogenesis, we employed a
naturally occurring truncated OA protein mouse model. These mice survive birth and
“appeared” to live normally. This afforded us a valuable system by which the role of OA
in bone cell differentiation and function can be evaluated in vivo. Our objective was to
understand if OA played a role in osteoblast and/or osteoclast differentiation and/or
function.
Our analysis showed that in contrast to DBA (WT) mice, OA mutant mice had
increased bone volume at ages where skeletogenesis is active. Increased trabecular bone
volume was observed by μCT analysis of tibia sections from OA mutant mice (Figure 5
and Table 4). The three point bending assay revealed OA mutant mice were found to
have stronger bones and the differences in key strength parameters such as Peak Moment,
Failure Moment, and Stiffness were found to be statistically significant (Figure 8 and
Table 5). This suggests that although we have observed a disturbance between osteoblastosteoclast interactions, the resulting bone appears to be mechanically stronger.
Histological analysis of femoral sections indicated increased osteoclast numbers
in OA mutant mice compared to wild-type (Figure 6). OA mutant osteoclasts appeared
abnormal in morphology and interesting to note, we found a number of osteoclasts
present in the marrow cavity that are not associated with a bony surface. Although there
was increase in osteoclast numbers, there was a decrease in osteoclast activity. Serum
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analysis for CTX by ELISA revealed a significant reduction in this biomarker for
osteoclast resorption (Figure 7). We also observed a significant decrease in serum
osteocalcin, a functional biomarker for osteoblast bone formation. Theses observations
suggest that OA is important for both osteoblast and osteoclast function in vivo and the
presence of truncated OA contributes to increased bone volume and strength. These
observations warrant the need for further studies to delineate the role of OA in bone cells.
Here, we have investigated the role of OA in osteoclasts and osteoblasts in vivo to
further determine their potential role in mediating this increased bone volume
phenotype.
In ex vivo systems, osteoclasts can be studied using a differentiation culture
system. The progenitors for osteoclasts are hematopoietic stem cells. These progenitor
cells can be isolated from the bone marrow and spleen [Takahashi et al., 1988]. In our
studies, we dissected long bones from wild-type and OA mutant mice between the ages
of 6-8 weeks. Following dissection, bone marrow was flushed using culture media and a
syringe. In order to obtain an enriched population of cells that have a higher propensity
for the osteoclast lineage, ficoll-histopaque separation was conducted. Cells remaining
following this gradient separation technique can then be differentiated to become
osteoclasts upon the addition of M-CSF and RANK-L. Using western blot, we were able
to show that osteoclasts do express OA with increased expression associated with a more
mature osteoclast phenotype (Figure 9).
We differentiated wild-type osteoclasts in the absence or presence of recombinant
OA. We found exogenous addition of recombinant OA was able to enhance osteoclast
cell survival and differentiation ex vivo (Figure 10). When survival was measured in
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wild-type pre-fusion osteoclasts cells by an MTT-like assay, there was a significant
increase in the presence of 100 ng/ml rmOA. Furthermore, when differentiation was
carried out we observed a dramatic increase in TRAP+ multinuclear osteoclast cell in
cultures that were treated with 100 ng/ml rmOA. These data suggest that exogenous
addition of OA enhances CSF-mediated effects on osteoclast survival and differentiation
in wild-type animal derived cultures.
The ex vivo differentiation of OA mutant osteoclasts revealed a number of
interesting findings. Since we have previously shown OA enhances osteoclast cell
survival, we used MTT assay to measure cell survival in wild-type and OA mutant
derived HSCs and pre-fusion osteoclasts. We found decreased survival in HSCs and prefusion osteoclasts from OA mutant mice compared to wild-type (Figure 11). When
progenitors were differentiated for up to 6 days in the presence of M-CSF and RANK-L,
we found decreased in number cells in OA mutant compared to control (Figure 11).
Taken together these data suggest that mutation in OA protein results in defective
osteoclast cell survival and differentiation ex vivo.
Having observed decreased osteoclast activity in vivo, we sought to use the ex
vivo system to further examine any OA-mediated affects on osteoclast resorptive
function. Cell from wild-type and OA mutant were differentiated in culture over
osteologic discs. These circular discs are coated with hydroxyapatite to simulate bone
mineral in vitro. Following 6 days in culture in the presence on M-CSF and RANK-L, we
observed significant decreases in resorption pits in OA mutant cultures compared to wildtype cultures (Figure 12). The total resorptive area was imaged and quantified using
BIOQUANT Osteo II digitizing system. We next sought to re-introduce full-length OA
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via exogenous addition of rmOA to the cultures. A single dose of 100 ng/ml of rmOA
was added for 12 hours prior to termination of OA mutant osteoclast cultures. We found
that within 12 hours rmOA was able to rescue osteoclast differentiation in OA mutant
cultures (Figure 13). From these observations we can ascertain that osteoclasts with
mutations in osteoactivin exhibit defective function ex vivo.
Cyclic attachment and detachment of osteoclast podosomes are critical to
differentiation, particularly in highly motile cells such as osteoclasts, which migrate over
a substratum [Sanjay et al., 2001]. We examined osteoclast cell adhesion to vitronectin,
which is the predominant cell adhesion molecule in osteoclasts. Bone marrow cells
isolated from wild-type and OA mutant mice were allowed to differentiate for 48 hours in
culture media supplemented with 50 ng/ml M-CSF to form pre-fusion osteoclasts. Prefusion cells were serum starved for 6 hours, lifted and plated over 1% BSA matrix
(control) or vitronectin matrix. The number of cells that attached after 30 minutes were
observed and quantified. OA mutant osteoclasts exhibited decreased cell adhesion to
vitronectin, while there were no significant differences seen in the number of cells
attached to the control matrix (Figure 14). This suggests that OA mutant derived
osteoclasts have impaired adhesion and the previously observed defects in osteoclast
differentiation and function could be attributed to a defect in adhesion and inability of
precursor cells to migrate and adhere.
To better understand the mechanistic basis for the defects in osteoclast
differentiation and survival; we assessed expression of osteoclast-related genes
throughout differentiation by qPCR. Non-adherent bone marrow cells from wild-type and
OA mutant were induced with M-CSF and RANK-L to differentiate. Cultures were
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terminated at early (day 2), middle (day 4) and late (day 6) differentiation time points and
samples were collected for RNA isolation. Early OA mutant osteoclast cultures showed
an observed decrease in expression in early osteoclast commitment markers MITF and
PU.1 (Figure 15). In addition, OA mutant samples at mid-point of differentiation showed
decreased message levels of TRAP, RANK, Cathepsin K (CTSK), Beta-3 Integrin
compared to wild-type (Figure 15). And at a late differentiation time point, there was also
decreased CTSK and TRAP associated with the OA mutant osteoclasts (Figure 15).
Taken together qPCR results suggest that osteoclasts derived from OA mutant have
decreased gene expression of early commitment markers in addition to functional
markers seen later throughout differentiation. The osteoclast phenotype we observe ex
vivo could mechanistically be attributed to this defect at the messenger RNA level. The
marked decrease in PU.1 observed in OA mutant can act to modulate RANK expression
in osteoclast progenitor cells, thus decreasing affinity towards the osteoclast lineage.
Studies by Crotti et al. [2008] provide evidence that PU.1 is involved in regulation of β3
integrin expression during osteoclast differentiation. This suggests that PU.1 modulates
NFATc1 response to cells of the macrophage lineage.
Even though in vivo the number of osteoclasts were increased, we found no
correlating increase in osteoclast function when we measure resorption biomarkers in the
sera of OA mutant mice. And studies with the ex vivo system, further explain why we see
this observed defect in vivo. Taken together, these observations suggest that OA is
important for osteoclast differentiation and the observed increase in bone volume in vivo
is a result of decreased osteoclast resorptive activity.
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Given that previous studies in the lab showed OA expression highly localized to
that of bone-forming osteoblasts and in vivo our studies show decreased osteocalcin
associated with OA mutant mice, we sought to utilize ex vivo system to study OA in
osteoblasts. Our data revealed decreased ALP staining and activity in OA mutant primary
osteoblast cultures compared to wild-type (Figure 16). Furthermore when cultures were
differentiated to simulate mineral maturation and deposition in vitro, we saw significant
decreases in Alizarin Red and Von Kossa staining in OA mutant cultures. Calcium
deposition was quantitatively assayed and we found significant decreases in OA mutant
osteoblast cultures (Figure 17). These findings indicate OA mutant osteoblasts have
decreased progression of osteoblast differentiation and maturation. Subsequent
experiments ruled out the role of any possible ER stress or apoptosis in this observed
defect in OA mutant osteoblasts.
We have reported not only an osteoclast effect of OA but additionally an
osteoblast effect as well. Osteoblasts isolated from OA mutant mice show decreased
differentiation as indicated by significantly reduced alkaline phosphatase staining and
enzyme activity. Additionally, OA mutant osteoblast show decreased matrix deposition,
mineralization, and maturation. Our results do implicate decreased osteoblast cell
proliferation and survival as factors in the attenuated osteoblast cell differentiation
observed in OA mutant-derived cells ex vivo.
Recent work with a mouse model for severe osteopetrosis showed that disruption
of osteoclast resorptive processes resulted in an increased number of osteoclasts in vivo,
which failed to resorb bone [Henriksen et al., 2011]. The Henriksen mouse model was
due to a mutation in the a3 subunit of the V-ATPase. These mice die usually due to
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anemia approximately 3-4 weeks after birth. Additionally as in the case of our animal
model, these oc/oc mice were shown to have increase in bone volume and bone strength.
Also like our animal, these oc/oc mice have significantly decreased CTX in vivo. The
resultant phenotype is attributed to the presence of a non-resorbing type of osteoclast.
Thus indicating mutations which uncouple formation and resorption may result in
osteopetrotic phenotypes, albeit mild or severe. In studies of humans afflicted with
osteopetrosis, there have also been reports of increased non-resorbing osteoclasts.
Increased osteoclast numbers were correlated to increased osteoclast cell survival
[Karsdal et al., 2005]. The impaired resorption seen in patients has been attributed to
mechanisms resulting in defective acidification [Li et al., 1999].

Future Directions
Given that we observe increased bone volume in OA mutant mice where there are
also increased osteoclast numbers in vivo, we must seek to further explore and define the
role of OA in osteoclast differentiation and function. Future experiments will focus on
elucidating the mechanism(s) through which osteoactivin effects the CSF-mediated
differentiation of osteoclast cells.
1. Elucidation of the mechanism of OA in osteoclast survival and adhesion. We
demonstrated that OA mutant mice have decreased survival and adhesion ex
vivo. Together these are two processes that are required for successful
osteoclast differentiation and resorption. These are also two processes that are
mediated, in part, through mechanism of CSF [Glantshnig et al., 2003]. We
propose blocking CSF signaling with use of rapamycin in OA mutant
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osteoclast cultures and observing effects on osteoclast differentiation and
function.
2. Identification of domains present in full-length OA that are responsible for the
regulation of osteoclast differentiation and function in vivo. In our animal
model, the mutation in OA gene results in the generation truncated OA
protein. This truncated protein lacks over 400 amino acids and several
regulatory domains present in wild-type OA. Studies to generate functional
mutants which manipulate sequences present towards the C-terminus will help
us identify which domains or sequences are regulating osteoclastogenesis.
3. One obvious question is whether complete silencing of OA induces a similar
phenotype to that which we observed in vivo. We demonstrated that presence
of truncated OA resulted in increased non-resorbing osteoclasts in vivo.
Follow-up studies should examine the skeletal phenotype and bone cell
interaction in OA knockout mice.

In conclusion, our studies establish that the presence of truncated OA leads to
increased bone volume due to defective interaction between bone-resorbing osteoclasts
and bone-forming osteoblasts. In our animal where full-length OA is not present, the
resultant phenotype is an increase in non-resorbing osteoclast numbers in vivo. The
increase in bone volume and strength is attributed to factors which lead to this cellular
functional defect. Data presented here support the notion of osteoactivin as a novel
molecule in modulating skeletal homeostasis in vivo.
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These in vivo and in vitro results strongly indicate that the OA protein is involved
in osteoclast and osteoblast differentiation. OA was originally identified as being highly
expressed in a model of osteopetrosis [Safadi et al., 2002]. Our studies give evidence that
in a knockdown scenario, as in our truncated protein model, there is a mild osteopetrotic
phenotype. Our works coupled with previous findings of OA stimulating osteoblast cell
differentiation [Abdelmagid et al., 2008] serve to implicate OA in regulated amounts
must be required for interaction of bone cells within the microenvironment. OA acts on
bone-forming osteoblasts to stimulate their differentiation, but also OA is essential to the
regulation of bone-resorbing osteoclast differentiation and function. For the treatment of
bone ailments such as osteoporosis, these studies give credence to further studies of OA’s
mechanistic role in bone cell development and function.
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