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Bone is an extremely important organ as it provides structure, protects other 

internal organs, anchors muscles to assist in locomotion, and supports mineral 

homeostasis. Two major cell types found within bone that are responsible for its 

maintenance are osteoblasts (bone building cells) and osteoclasts (bone resorbing 

cells). However, there are many different bone diseases in humans where bone 

becomes unhealthy or the critical balance between osteoblasts and osteoclasts may 

become disrupted. The most common bone disease in humans is osteoporosis (OP), 

which is characterized by low bone mineral density. Current therapeutics treating OP 

have a laundry list of negative side effects, and a majority can be taken only for a 

limited number of years, with drug holidays interspersed throughout their use. 

Therefore, there is a need to develop new therapeutics that target both osteoblasts and 

osteoclasts to treat this debilitating bone disease. 

 Bone morphogenetic protein 2 (BMP2) is a potent growth factor that is known 

to activate both osteoblasts and osteoclasts. Recently, many studies have showed a 

lack of BMP2 response in OP patients. While BMP2 may not be an effective or ideal 

treatment for OP, its signaling pathway is still of interest since it controls both 

osteoblasts and osteoclasts. The Nohe lab has extensively studied this protein and its 

signaling pathway. They previously discovered a novel interaction between the BMP 

type Ia receptor (BMPRIa) and an interacting protein called casein kinase II (CK2). 

Several CK2 phosphorylation sites were discovered on BMPRIa and corresponding 

blocking peptides (named CK2.3, CK2.2, and CK2.1) were designed to further 
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elucidate their function. The peptides are hypothesized to bind to CK2 and block the 

interaction with BMPRIa at that site. Previously, CK2.3 has been shown to increase 

osteoblast activity and decrease osteoclast activity in a variety of animal models and 

cell lines. CK2.3’s effect on primary human cells has not yet been investigated. 

In this study, I investigated BMP2 and CK2.3’s effect on isolated osteoblasts 

from human femoral heads obtained from patients undergoing hip arthroplasty surgery 

at Christiana Care Hospital in Newark, DE. The patients were diagnosed with either 

OP or osteoarthritis (OA), however prior to experimentation the clinical diagnosis was 

confirmed through single photon absorptiometry by X-raying the femoral heads. After 

confirmation, cells were extracted from the femoral heads and stained for osteoblast 

specific markers osteocalcin (OC) and alkaline phosphatase (ALP) to determine if the 

extracted cell population was mature osteoblasts. The cells also were assessed for 

mineralization potential through a von Kossa assay after stimulation with either 

BMP2, CK2.3 or left unstimulated (US). Cells extracted from OA patients had 

increased their mineralization significantly after both BMP2 and CK2.3 stimulation. 

Cells extracted from OP patients only significantly increased their mineralization after 

CK2.3 stimulation. Cells from OP patients did not respond to BMP2 stimulation. 

Next, the cells were stained again for osteoblast specific markers following BMP2 and 

CK2.3 stimulations. CK2.3 significantly increased fluorescent intensity of the 

osteoblast specific markers, while BMP2 did not.  

BMPRIa levels were investigated in a variety of models using both in vitro and 

in vivo approaches. Increase fluorescent expression was observed in MMA embedded 

bone slices of OP patients when compared with control patients. Explants from both 

OP or control patients were stimulated as mentioned previously. In control explants 



 xvii 

both BMP2 and CK2.3 stimulation significantly increased BMPRIa and CK2 

expression when compared to US. In OP explants only CK2.3 significantly increased 

expression of these two proteins, while BMP2 significantly decreased BMPRIa and 

CK2 expression. Steady state mRNA levels also showed a decrease in BMPRIa after 

BMP2 stimulation. The consequences of this decrease in expression could be causing 

an overall decrease in BMD; therefore, downstream signaling proteins like pSMAD 

and pERK were investigated. Both BMP2 and CK2.3 did not change the 

immunofluorescent or protein expression of pSMAD. CK2.3 significantly increased 

expression of pERK in both the fluorescent and protein expression studies, indicating 

that CK2.3 still acts through ERK signaling in humans. BMP2 significantly decreased 

expression of pERK in both experiments, indicating that this lack in response may be 

due to aberrant BMP signaling.  

Previously, CK2 was discovered to bind and phosphorylate ERK in several cell 

lines. Since CK2.3 is known to act through this signaling pathway, and directly binds 

and mediates CK2 activity, this could be a possible explanation as to how CK2.3 

induces a response in cells derived from OP patients, while BMP2 does not. 

Therefore, this was investigated through a fluorescent colocalization study. No 

significant changes in colocalized pixel distribution was discovered between pSMAD 

and CK2. CK2.3 significantly increased pixel colocalization between CK2 and pERK, 

when compared with BMP2 and US cells, indicating a potential mechanism of action. 

Given the research presented here, CK2.3 continues to be a unique potential 

therapeutic for the treatment of OP. It is critical to continue exploring this mis-

regulation in BMP signaling, as well as to further delineate the exact mechanism of 

CK2.3.  
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INTRODUCTION 

1.1 Bone, a Dynamic Organ 

Human bone is a specialized organ that is changing constantly. Maintaining 

healthy bones is critical as it provides structure, protection of internal organs, 

locomotion through anchoring and attachment of muscles, and mineral 

homeostasis(1). The tensile strength of bone is comparable to cast iron, however, bone 

itself is much more flexible and dynamic as it responds to mechanical and hormonal 

stimuli(2-4). Approximately 10% of human bone is remodeled per year, and as a result 

the entire human skeleton is regenerated every ten years(5). Mis-regulation in bone 

maintenance can lead to increased bone porosity. An extremely common, debilitating 

bone disease, osteoporosis, is characterized by this disruption in regulation(6). To 

further understand the causes of osteoporosis, the structure of bone and different types 

of bone must be discussed and understood.  

1.1.1 The Structure and Types of Bone 

The human skeleton can be categorized into five major types of bone and they 

are classified based upon their shape. There are short (carpals, tarsals), flat (sternum, 

ribs), long (femur, tibia), irregular (vertebrae, facial bones), and sesamoid bones 

(patella). Each type has a general function including support, leverage, protection of 

internal organs, points of attachment for muscles, tendon protection, and stability(7). 

All bone is comprised of four layers of bone tissue; the periosteum, compact/cortical 
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bone, spongy/cancellous/trabecular bone, and bone marrow. The periosteum is the 

outermost layer of bone tissue, which surrounds and protects the bone tissue with a 

strong fibrous network. The periosteum network is comprised of two layers: the 

fibrous layer made up of fibroblast cells and the osteogenic layer made up of 

progenitor bone cells(7). Cortical or compact bone is the outer dense shell and makes 

up approximately 75-80% of total skeletal mass. The mass of cortical bone matrix per 

unit of volume is greater than that of cancellous or spongy bone. Since cortical bone 

has a higher density and lower porosity, it is less flexible than cancellous bone. The 

structure of the whole skeleton is determined by the contribution of cortical bone, 

which creates a dense, but highly organized structure. 

As seen in Figure 1.1, cortical bones are comprised of circular structures 

known as osteons, which is where bone remodeling takes place. Within osteons there 

are spaces called lamellae which are connected through small channels termed 

canaliculi. Haversion canals are tubes located in the center of osteons. They contain 

blood vessels which helps deliver nutrients and cells necessary for bone remodeling. 
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Figure 1.1 Molecular Dynamics of Bone Tissue. (A) A cross section of bone with its 

four major layers. (B) Schematic of cortical bone organization. (C) 

Schematic of trabecular bone organization.  

Osteons are connected to each other through Volkmann’s canals, which connects 

blood vessels. In long bones, like the femur, cortical bone forms the shaft of the bone 

or the diaphysis, however proximal to the diaphysis is the metaphysis where the 

cortical bone begins to thin and cancellous bone can be found. In short bones there are 

thinner layers of cortical bone and more cancellous bone(2, 7). Cancellous bone is 

composed of plates and rods of trabeculae and it makes up approximately 25-30% of 

total skeletal mass. Structurally, cancellous bone has lamellae that are arranged 

parallel to the trabecular surface, Figure 1.1C. Thin, microscopic canals connect 

lamellae to one another and the bone surface, called canaliculi. Small spaces between 

lamellae are termed lacunae. There are half osteons or hemiosteons that are indicative 

of previous sites of bone remodeling. The hemiosteons border marrow cavities and are 
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separated from the rest of the trabeculae by a cement line. The cement line is the 

boundary between osteons and the bone matrix not currently undergoing bone 

resorption. It is located along the bottom region of a bone remodeling center. In 

cancellous bone, bone remodeling takes place on a longer surface than it does in 

cortical bone (Haversion canals) and since it takes place next to marrow cavities a 

central vascular channel is not needed(8). How bone is created or resorbed is 

dependent on the various types of bone cells contained within it.  

1.1.2 Bone Cells and their Functions 

On the cellular level, bone is comprised of four different cell types which are 

responsible for the bone remodeling process. Since bone is a mineralized soft 

connective tissue, the bone remodeling cycle is an extremely intricate process which 

old or damaged bone is replaced by new bone, and it occurs through the coordination 

of four cell types: osteoclasts, osteoblasts, osteocytes, and bone lining cells(9, 10). 

They all come together to form the basic multicellular unit (BMU), which can be seen 

in Figure 1.2(11). 
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Figure 1.2 A Schematic of the Bone Remodeling Cycle. Osteoblasts build new bone 

while osteoclasts resorb back old or damaged bone. Osteoblasts can 

terminally differentiate into bone lining cells or osteocytes. Osteoblasts 

originate from mesenchymal stem cells (MSCs) and osteoclasts originate 

from hematopoietic stem cells (HSCs).  

This coordination is both responsible and necessary for fracture healing, skeletal 

adaptation to mechanical use, and for calcium and mineral homeostasis(12). 

1.1.2.1 Osteoclasts 

Osteoclasts are terminally differentiated multinucleated cells derived from 

HSCs under the influence of several important growth factors such as macrophage 

colony-stimulating factor (M-CSF), and receptor activator of nuclear factor kappa β 

ligand (RANKL)(10). Both of which are secreted by osteoprogenitor cells 

(osteoblasts, osteocytes or stromal cells) and promote the activation of transcription 

factors and gene expression in osteoclasts(13). M-CSF binds to its receptors on 

osteoclast precursor cells, which stimulates their proliferation and inhibits apoptosis. 

RANKL binds to the RANK receptor, also located on osteoclast precursors and pushes 
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them to differentiate further into multinucleated osteoclasts. However, osteoblasts also 

produce a decoy receptor known as osteoprotegerin (OPG), which binds directly to 

RANKL preventing it from binding to RANK and promoting osteoclastogenesis(14). 

Osteoclasts are formed through the fusion of mononuclear precursor cells. They are 

responsible for resorbing back old or damaged bone during the initial phases of the 

bone remodeling cycle, and as mentioned before, are an integral part of the BMU(9, 

15). Bone resorption involves the dissolution and degradation of the organic bone 

matrix through the osteoclast producing and secreting acid and proteolytic enzymes. 

They are also responsible for transporting and shuttling the degraded bone products 

through themselves(15).  

In order to effectively conduct bone resorption the osteoclasts must polarize 

and reorganize their cytoskeletons into four separate types of domains on their 

membrane, which can be seen in Figure 1.3. (10).  
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Figure 1.3 Diagram of an Osteoclast. The osteoclast is a multinucleated cell from the 

HSC lineage. When active, it contains four different membrane regions: 

secretory, basolateral, ruffled, and the sealing zone. The ruffled 

membrane is responsible for excreting protons and lysosomal proteins to 

help degrade the bone surface. The sealing zone is to help protect the 

outer regions of bone not currently undergoing resorption.  

They are the sealing zone, ruffled border, basolateral, and functional secretory 

domains. The sealing zone and the ruffled border are in direct contact with the bone 

matrix, whereas the basolateral domain is located peripheral to the matrix and the 

functional secretory domain is located on the opposite side of the bone matrix(15). 

The polarization of the membrane occurs with the rearrangement of the actin 

cytoskeleton, where a thick constant zone of highly dynamic podosomes (known as 

the F-actin ring) is formed. This zone is formed to provide an isolated area of 

membrane which becomes the ruffled membrane domain of the osteoclast. This only 

occurs when the osteoclast is in direct contact with the mineralized bone matrix 

through the attachment of αVβ3 integrin and CD44, which binds to noncollagenous 
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bone matrix proteins containing the RGD sequence (bone sialoprotein, osteopontin, 

and vitronectin)(16). 

 The ruffled border itself is formed by microvilli and is separated from the 

surrounding bone tissue by the clear or sealing zone of the membrane(10). These 

zones are domains that are devoid of organelles and are located adjacent to the 

mineralized bone matrix. Within the ruffled membrane there are vacuolar-type H+-

ATPases, which helps to acidify the resorption lacuna (or Howship lacuna) and 

dissolve the hydroxyapatite crystals found within the mineralized bone matrix(15). 

Dissolving the hydroxyapatite and collagen releases a large amount of calcium, 

phosphate, and other peptide fragments (like osteocalcin, osteopontin, and 

osteonectin(15). This peptide fragments can be released into the extracellular fluid or 

become transcytosed through the osteoclast to the functional secretory domain. 

Osteocalcin, osteopontin and osteonectin may be released from the matrix as active 

petides (or may become activated) where they are responsible for promoting osteoblast 

recruitment/differentiation, promoting bone formation, regulating calcium, or 

organizing mineral/collagen components within the matrix(17). Protons and enzymes 

are secreted through the ruffled membrane of the osteoclasts into the Howship lacuna 

to promote degradation. Secreted enzymes include tartrate-resistant acid phosphatase 

(TRAP), cathepsin K, and matrix metalloproteinase-9 (MMP-9). Once dissolved, the 

products are then either endocytosed across the ruffled border and transported 

internally to the functional secretory domain of the osteoclast, where they are exported 

or released into the extracellular fluid under the sealing zone of the osteoclast(10, 15). 
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1.1.2.2 Osteoblasts 

Osteoblasts stem from the MSCs lineage and are located along the bone 

surface. They are cuboidal in shape and are known for their bone forming capacity. 

They have abundant rough endoplasmic reticulum with dilated cisternae, large Golgi 

apparatuses with multiple Golgi stacks, and vesicles/vacuoles containing fibular 

structures(18, 19). When osteoblasts become polarized, they secrete osteoid, or 

unmineralized, uncalcified, unmatured bone, toward the bone matrix, Figure 1.4. 

 

Figure 1.4 Active Osteoblast Schematic. Osteoblasts release matrix vesicles 

containing calcium and phosphate molecules, which continue to influx 

into the vesicles until the vesicles itself bursts. The mature 

hydroxyapatite crystals (indicated with an X) are deposited onto the ends 

of the collagen fibrils.  

 The osteoid also is important because it houses and stores several crucial growth 

factors necessary for osteoblast differentiation. Those growth factors include bone 

morphogenetic proteins (BMPs) and members of the wingless (Wnt) pathways(18, 

19). These crucial growth factors are released upon osteoclast mediated bone 
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resorption and lead to the recruitment/differentiation of osteoblasts, the bone forming 

cells. Other genes responsible for differentiating MSCs into osteoblasts are runt-

related transcription factor 2 (Runx2), distal-less homeobox 5 (Dlx5), and osterix 

(Osx)(18). Runx2 is known as the master regulator of osteoblast differentiation and 

regulation because it is responsible for upregulating other osteoblast specific genes 

like osteonectin (OCN), alkaline phosphatase (ALP), bone sialoprotein (BSP), 

collagen type I AI (COL1A1), and osteocalcin (OC)(20). Once progenitor osteoblasts 

express Runx2 and COL1A1 they are considered pre-osteoblasts and will begin to 

proliferate and induce ALP activity. Pre-osteoblasts become mature osteoblasts when 

they express Osx and secrete COL1A1, BSP or other bone matrix proteins. The 

morphology of the cells also begin to become larger and more cuboidal as the cells 

differentiate into mature osteoblasts(18, 20).  

Mature osteoblasts are responsible for synthesizing and mineralizing new 

bone. This process occurs in two major steps: the deposition of organic matrix and 

mineralization of bone. The deposition of the organic matrix occurs when osteoblasts 

secrete collagen proteins (type I collagen, noncollagenous proteins (OCN, OC, BSP, 

and osteopontin), and proteoglycans (decorin and biglycan), which form the organic 

bone matrix(10, 11). Type I collagen is a polymeric protein that initially is secreted in 

the form of a precursor form of collagen. This contains peptide extensions at the 

amino and carboxyl ends, which eventually are removed proteolytically and collagen 

begins to take on a three-chained form. These collagen molecules assemble 

themselves into collagen fibrils which become interconnected with each other through 

the formation of pyridinoline cross links. Collagen proteins are expressed ubiquitously 

in vertebrates and other multicellular organisms as they are responsible for 
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maintaining their structural integrity. Collagen fibrils also define the shape of the 

tissues in which they are located. The organization of these collagen fibrils are not 

only thermally stable, but allow for condensed organization that leads to increased 

structural support. As other non-collagenous proteins are produced, they also are 

incorporated into collagen fibrils themselves, which gives shape to the organic and 

unmineralized bone matrix(21).  

Mineralization of the organic bone matrix is the second step of bone formation, 

which takes place in two additional phases. The first phase is known as the vesicular 

phase and involves matrix vesicles (MVs) produced by osteoblasts. The MVs are 

released from the apical membrane of the osteoblast and they are approximately 30-

200nm in length. Once released MVs combine with the organic bone matrix where 

they bind to proteoglycans and other organic components. Within the MVs are 

calcium ions that become immobilized through the binding the negatively charged 

sulfated proteoglycans. The proteoglycans become degraded through the secretion of 

osteoblast enzymes, where the immobilized calcium is released from the MVs through 

channels formed by annexin proteins. Phosphate containing compounds also are 

located in MVs and are degraded into phosphate ions by ALP. This occurs through 

decreasing pyrophosphate levels and increasing inorganic phosphate levels, which 

ultimately promotes mineralization. The phosphate and calcium ions nucleate when 

inside the MVs, which form a compound called hydroxyapatite crystals, 

Ca10(PO4)6(OH)2. Pyrophosphate is a small molecule found within the extracellular 

matrix and is a known hydroxyapatite crystal nucleation inhibitor through direct 

binding. Increasing levels of pyrophosphate inhibits mineralization, while decreasing 

levels of pyrophosphate promote mineralization(22). The fibular phase, or the second 
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phase of bone mineralization, occurs when the calcium and phosphate ions become 

supersaturated inside the MVs, which leads to the rupturing of the MVs. The 

hydroxyapatite crystals are then released into the surrounding matrix and the bone is 

considered mature and mineralized(23).  

Once osteoblasts have matured and produced bone matrix they undergo one of 

three fates. Osteoblast can undergo apoptosis, or programmed cell death, though it is 

believed that a low percentage of osteoblasts go through this process. A majority of 

osteoblasts will either be further differentiated into bone lining cells or become 

embedded in the matrix where they become osteocytes(21).  

1.1.2.3 Osteocytes 

Osteocytes are the most abundant cell type found within the bone; they make 

up approximately 90-95% of the total bone cells. In addition, they have the longest 

ranging lifespan of bone cells, and can stay viable for up to 25 years(24). Older 

osteocytes are typically not involved in bone remodeling due to their location within 

bone and distance to the bone surface. Eventually older osteocytes will undergo 

apoptosis and will leave behind an empty lacunae space(25). Osteocytes are defined 

by their morphology and location rather than their function, which is different and 

unique when compared with other bone cells. They have extremely important 

functions in the bone, and as stated previously, they are embedded within the 

mineralized bone matrix. They are located within the lacunae, surrounded by mature 

mineralized bone matrix and have a dendritic morphology, but the type of bone they 

are located within defines their exact shape. Osteocytes tend to be rounder or more 

circular when found in trabecular bone, while in cortical bone they tend to be more 

elongated(26).  
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There are four major stages of osteoblast to osteocyte differentiation: osteoid-

osteocyte, preosteocyte, young osteocyte, and mature osteocyte. As the osteocyte 

differentiates the cytoplasm of the osteoblast begins to form into processes, which are 

long extensions of the cytoplasm. Before being completely encased into the bone 

matrix the size of organelles (the prominent rough endoplasmic reticulum and Golgi 

apparatuses) decrease and the nucleus to cytoplasm ratio begins to increase, which 

ultimately leads to a decrease in protein synthesis (27). The proteins being 

downregulated are OCN, BSP, ALP, and collagen type I while dentine matrix protein 

1 (DMP1) and sclerostin (osteocyte specific markers) are expressed highly(28).  

The cytoplasmic processes can be as numerous as up to 50 per cell and extend 

into and cross the tiny tunnels within the lacunae or canaliculi, which originate from 

the lacuna space(10). The processes also can connect to other osteocytes through 

structures known as gap junctions as well as other bone surface cells (osteoblasts and 

bone lining cells). These extensions form the lacunacanalicular system and facilitates 

the intracellular transport of small signaling molecules like prostaglandins and nitric 

oxide (NO). The lacunacanalicular system is located in close proximity to the 

vasculature within the bone matrix, which helps to supply the osteocyte bone network 

with oxygen and other essential nutrients(29). Cell to cell communication is achieved 

through the interstitial fluid that flows between the osteocyte processes and the 

canaliculi. Osteocytes act as mechanosensors because their interconnected network 

has the capacity to detect mechanical pressures, which helps adapt the bone to 

everyday stimuli. Osteocytes help to orchestrate bone remodeling through regulating 

both osteoblast and osteoclast activity(26). Osteocyte apoptosis has been linked to 
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chemotactic signaling for osteoclast recruitment and activity. Osteoclasts have been 

shown to engulf and absorb apoptotic osteocytes(30). 

The osteocytes are able to be effective mechanosensors due to their location 

within the bone matrix, their shape and spatial arrangement that promotes the 

translation of mechanical stimuli into vital biochemical signals, a process called the 

piezoelectric effect(31). There are three possible mechanisms that have been proposed 

in the literature as to exactly how the piezoelectric effect occurs within osteocytes(10, 

31). The first involves a protein complex formed by a cilium and its associated 

proteins, polycystins 1 and 2, which signal for osteoblast/osteocyte mediated bone 

formation. These polycystins located within the cilium can be associated with other 

cells or the ECM. They have been implicated in acting as mechanosensors, sensing 

flow induced calcium signaling (32). The second potential mechanism involves 

osteocyte cytoskeleton components that include focal adhesion protein complexes and 

various actin-associated proteins (paxillin, vinculin, talin, and zyxin). Osteocytes will 

produce secondary messengers, like adenotriphoshate (ATP), NO, Ca2+, and 

prostaglandins, when they sense a mechanical stimulus. Osteocytes sense mechanical 

stimulus through the movement of the interstitial fluid surrounding their processes 

within the canaliculi. The osteocytes sense the movement with the fluid and release 

the aforementioned secondary messengers, which can ultimately signal for bone 

remodeling or BMU recruitment(33). Finally, the last potential mechanism is the 

general thought that osteocytes have a mechanosensitive function due to their location 

to the intricate canalicular network, allowing them to be in contact with various bone 

cells, like bone lining cells(10).  
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1.1.2.4 Bone Lining Cells 

Bone lining cells are another form of terminally differentiated osteoblasts and 

they exhibit a quiescent flat shape. They also cover the bone surfaces that are not 

currently undergoing bone remodeling. Important morphological characteristics of 

bone lining cells are a thin and flat nucleus, and their cytoplasm extends along the 

bone surface. Some bone lining cells can possess processes that extend into the 

canaliculi and gap junctions between adjacent bone lining cells and osteocytes(34).  

The secretory action of bone lining cells depends on their physiological bone 

cell status. Interestingly they can re-acquire secretory activity through enhancing their 

size and adapting a cuboidal morphology that mimics the morphology they previously 

possessed when they were osteoblasts(35). The actual function of bone lining cells is 

not well understood, but they are thought to be involved in preventing the direct 

interaction between osteoclasts and the bone surface. This will help indicate where 

bone resorption should take place during the bone remodeling process. In addition 

they have been implicated in osteoclast differentiation because they secrete OPG and 

RANKL, crucial osteoclast differentiation markers(11).  

These four major cell types are all responsible for upholding the bone 

remodeling cycle, and ensuring that old or damaged bone is resorbed back and 

replaced by new bone. How this is coordinated depends on the age of the individual 

and whether or not they are undergoing development. This dictates the type of bone 

growth that will occur. There are two different types of bone growth, and they are 

discussed in the following section.  
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1.1.3 Types of Bone Growth During and After Development 

In order to create new bone for development a template must be present. 

Without a template, bone growth would be unorganized and inefficient. There are 

three derivatives from which skeletal development stems: the cranial neural cells, 

somites, and the lateral plate mesoderm, which give rise to the flat bones in the skull, 

clavicle, cranial bones; axial skeleton; and long bones respectively(36). The 

developmental template is often cartilage derived from the embryonic mesoderm or 

from the undifferentiated mesenchyme. The bone development process, or 

ossification, begins between the sixth and seventh week of development and continues 

until early adulthood or age 25. There are two types of ossification: endochondral 

ossification and intramembranous ossification. Both types of ossifications begin with 

the mesenchymal tissue precursors, however, as development continues the way in 

which those precursors transition into bone differ between the two processes (37).  

1.1.3.1 Endochondral Ossification 

This process of ossification involves the replacement of the hyaline cartilage 

with bone when the MSCs from the mesoderm differentiate into chondrocytes, as seen 

in Figure 1.5(38). 
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Figure 1.5 Endochondral Ossification. This process occurs during development. 

First, there is a formation of bone collar around hyaline cartilage. Then 

the cartilage matrix begins to deteriorate and the creation of an internal 

medullary cavity which eventually becomes invaded by periosteal blood 

vessels. Spongy bone formation also occurs around the same time. 

Secondary ossification centers begin to appear in the epiphyses of the 

bone, and they also become invaded by blood vessels. The invasion of 

blood vessels helps to increase the production of spongy bone. Finally, 

the ossification centers become mature spongy bone, the articular 

cartilage and epiphyseal growth plate also form. 

 This type of ossification is responsible for the formation of the vertebrate 

appendicular and axial skeleton during development (39). These chondrocytes 

proliferate and grow rapidly, from a proliferation center, and secrete an extracellular 

matrix (ECM) which forms the blueprint for bone ossification. Chondrocytes near the 

center of the proliferation center undergo hypertrophy, and as this is occurring 

collagen X and fibronectin become added into the ECM, which ultimately allow for 

calcification to take place. Calcification of the chondrocyte ECM stops nutrient 

delivery to hypertrophic chondrocytes, causing chondrocyte apoptosis. Once 

chondrocytes have undergone apoptosis there is more space within the ECM allowing 

for blood vessels invasion, causing enlarged spaces which will eventually combine to 

form the medullary cavity. Osteoblasts create a thickened region of cortical bone in 

the diaphyseal region of the periosteum. This creates the primary ossification center. 
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Bone replaces the cartilage in the diaphysis while cartilage continues to proliferate at 

the ends of long bones, increasing bone length. The proliferative areas then form the 

epiphyseal plates providing longitudinal growth of bones immediately after birth and 

into early adulthood. The epiphyseal growth regions will eventually become the 

secondary ossification centers. As development continues both the primary and 

secondary areas of ossification encroach on the remaining cartilage, turning it into 

bone once the skeleton fully matures, except for the articular cartilage surfaces (38).  

1.1.3.2 Intramembranous Ossification 

This type of ossification involves the direct conversion of mesenchyme to 

bone. It is responsible for the formation of craniofacial skeleton. This process begins 

when the neural crest derived MSCs differentiate into osteoblasts, as seen in Figure 

1.6. 
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Figure 1.6 Intramembranous Ossification. An ossification center will appear in the 

fibrous connective tissue membrane, where MSCs and collagen fibrils are 

located. Centrally located MSCs will differentiate into the osteoblasts in 

a cluster, where osteoid will be deposited. Second, the bone matrix will 

begin to mature and grow, as the number of osteoblasts grow. Eventually 

the matrix will be mineralized, and some osteoblasts will become 

entrapped in the matrix where they terminally differentiate into 

osteocytes. Third, the surrounding MSCs will condense around the 

growing bone matrix, and blood vessels will begin to invade the matrix. 

Finally, the bone collar of the compact bone shell will form, trabecular 

bone will thicken, and the condensed MSCs will become the periosteum.  

 During development osteoblasts will gather into a group or ossification centers where 

the osteoblasts will secrete the unmineralized, immature bone, osteoid. The osteoid 

will begin to become mineralized or mature and bind calcium and phosphate ions, 

thereby hardening the surface and entrapping osteoblasts within the matrix itself. Once 

entrapped the osteoblasts will differentiate into osteocytes. Non-entrapped osteoblasts 

will continue to secrete osteoid around blood vessels, which forms the trabecular or 

cancellous bone. The blood vessels will eventually become the red bone marrow found 

within the spaces or lacunae of trabecular bone. MSCs at the surface will become the 

periosteum, enveloping, and protecting the bone. MSCs at the inner surfaces will 

differentiate into osteoblasts, secrete their own osteoid matrix and form organized 

layers of cortical bone (40). 
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Bone formation is a critical process, however continued maintenance and homeostasis 

are just as crucial. Old or damaged bone needs to be effectively replaced or resorbed, 

both of which occur in different processes. This becomes even more critical to study 

as we continue to think about bone health and managing the debilitating bone disease, 

osteoporosis. As mentioned briefly above, bone fractures are extremely common in 

those diagnosed with osteoporosis, therefore the types of bone fracture healing will be 

discussed in the following section.   

1.1.4 Bone Fractures and Fracture Healing 

While bones are structurally sound and strong, they often experience trauma, 

breaks, and fractures. There are five fractures that are most commonly seen in the 

clinic and they are compound, transverse, oblique, comminuted, segmental, 

compression, and greenstick, Figure 1.7. 

 

Figure 1.7 Diagram of Fracture Types. Schematic representing the five major types 

of fracture seen in the clinic. The type of fracture depends on the 

magnitude and direction of crack in the bone.  
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 The differences between these types of fractures are determined by the pattern the 

fractures exhibits. For example, transverse fractures are horizontal line fractures, while 

oblique fractures are angled. Segmental fractures are created when there are two 

breaks in the bone, creating a floating bone segment and comminuted fractures have 

three or more breaks. Greenstick and stress fractures do not involve a complete split or 

break in the bone, instead there are tiny or hairline cracks in the bone. Compression 

fractures are when the bone is crushed, and fragments of the bone are wider or flatter. 

Stable fractures are a complete break in the bone, however the broken ends of the bone 

do not come out of alignment. In a displaced fracture the broken bone fragments are 

not in alignment. Once broken bone pierces through the skin and muscle the fracture is 

known as a compound fracture(41, 42).  

The process of fracture healing utilizes the same processes in bone 

development and since a majority of the time the fractured bone will return to its prior 

non fractured state this whole process is considered a type of tissue regeneration. 

However, the fracture healing processes may fail as the fracture sites could heal in an 

unfavorable anatomical position, which delay the healing process as well as 

potentially causing the development of nonunions(43). There are lots of different 

processes involved in the fracture healing response, which include an immune 

response, remodeling system response, and developmental system or ontogeny 

responses(44).  

1.1.4.1 Indirect Fracture Healing 

The most common form of fracture healing is indirect or secondary fracture 

healing. This process consists of both endochondral and intramembranous 

ossification(45). This does not depend on rigid stability or immobilization of the 
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fracture site. In fact, it can be enhanced through micromotion, however excess motion 

would be detrimental to the fracture healing process, causing a nonunion(46). The 

major indirect fracture healing steps are outlined in Table 1.1. 

Table 1.1 Indirect Bone Healing Steps 

 

Once trauma has occurred a hematoma is formed at the fracture site/s. This hematoma 

consists of peripheral and intramedullary blood as well as bone marrow cells. This 

formation causes an inflammatory response, which causes the hematoma to coagulate 

in between the broken bone fragments, helping to form a template for callus 

formation(47). The acute inflammatory response lasts from 24 hours to seven days and 

involves the secretion of the following factors: tumor necrosis factor alpha (TNF-α), 

interleukin -1 (IL-1), IL-6, IL-11, and IL-8(45, 48). These factors recruit inflammatory 

cells and the factors also promotes angiogenesis. IL-6 is an important secretion factor 

because it is known to not only stimulate angiogenesis, but also stimulates vascular 

endothelial growth factor (VEGF) production and promotes the differentiation of both 

osteoblasts and osteoclasts(49).  
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After the inflammatory response, MSCs need to be recruited to the fracture 

sites because they need to proliferate and differentiate into osteoblasts and osteoclasts. 

MSCs can be recruited from the surrounding soft tissue, the bone marrow, and from 

systemic circulation(50, 51). As mentioned previously BMPs are located within the 

bone matrix and signal for MSC recruitment/differentiation. Similarly, both BMP2 

and BMP7 play critical roles in promoting the recruitment of MSCs to these fracture 

sites(52, 53). After hematoma formation and the recruitment of MSCs a fibrin rich 

granulation tissue forms where endochondral ossification begins to occur between the 

fracture segments or ends(43). This callus formation will give increased strength and 

stability to the fracture site(54). This process occurs seven to nine days post 

trauma(44). Intramembranous ossification also occurs simultaneously to endochondral 

ossification. Intramembranous ossification takes place subperiosteally adjacent to the 

distal and proximal ends of the fracture, beginning to generate a hard callus, further 

increasing stability(43, 48). When MSCs are recruited a molecular cascade is induced 

that produces matrix with collagen I and collagen II, as well as production of some 

vital signaling molecules like BMP2, BMP5, and BMP6(53).  

The next step in this process is vascularization of the fracture site, which 

further recruits necessary cells and nutrients to these sites(55). This is completed 

through two pathways: angiopoietin dependent pathway and VEGF pathway(56). 

Eventually the cartilaginous callus formed needs to be replaced by a bony callus. This 

is completed through chondrocytes undergoing hypertrophy and calcification of the 

cartilaginous matrix previously laid down by the chondrocytes. This calcified matrix 

will become mineralized, lending the callus to now become even more structurally 

sound and stable(47). Next a second resorptive and remodeling phase will be induced 
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because the hard callus needs to be further remodeled into lamellar bone structure with 

a central medullary cavity so that the full biomechanical and structural properties of 

bone are restored. BMP2 has been shown to be highly expressed during this phase(43). 

This process can occur three to four weeks post trauma but may take years to fully 

complete(45). As humans age the bone healing process slows, and decreased BMP2 

levels have been associated with increased risk of developing osteoporosis. Other 

researchers have found a decreased response to BMP2 stimulation in MSCs and 

osteoblasts from OP patients, again pointing to the importance and potency of BMP2.  

1.1.4.2 Direct Fracture Healing 

Another type of fracture healing is direct fracture healing. This type is not as 

common as indirect fracture healing because it involves complete stability, no gap 

formations, and often requires surgical intervention to achieve these requirements. 

This will take place through direct remodeling of the lamellar bone and the entire 

process may take place in a few months to years following bone trauma(43). There are 

two methods of direct fracture healing: contact healing, which requires the ends of the 

broken bones to be placed into direct contact with one another and gap healing, which 

does not require direct contact of the broken bone fragments(57).  

Now that bone dynamics of bone maintenance, remodeling, homeostasis, and 

fracture healing have been discussed, the next topics will focus on the molecular 

signaling related to bone maintenance as this plays an integral part in proper and 

healthy bone preservation. The most widely studied group of proteins related to bone, 

are BMPs, which are extensively discussed in the next section.  
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1.2 Bone Morphogenetic Proteins 

BMPs are the largest subfamily group of the Transforming Growth Factor Beta 

(TGFβ) superfamily. They are conserved highly phylogenetically and were discovered 

initially from bone extracts. They were discovered due to their ability to direct ectopic 

bone formation within the stomach pouch, quadriceps, and erector spinae muscles(58); 

however, they also are involved in a vast multitude of developmental processes. They 

also are extremely important for human health and viability, in that BMP knockout 

mice were embryonically lethal(59, 60). Based on sequence similarity and functions 

BMPs could be divided into 4 subgroups, with approximately 13 currently discovered 

BMPs(61, 62). They are synthesized as 400-500 amino acid precursors, which contain 

an N-terminal signal peptide (responsible for directing secretion), a prodomain 

(responsible for proper protein folding), and C-terminal mature peptide sequence(63). 

Active BMPs have 50-100 amino acids with seven cysteines, six of which form three 

intramolecular disulfide bonds (or cysteine knots). The seventh cysteine is responsible 

for dimerization with another monomer through forming a covalent disulfide 

bond(64). Some BMPs, however, do not follow this categorization, but still seem to be 

biologically active(63).  

Once BMPs are cleaved at their primary cleavage site, their respective 

prodomains remain loosely associated with the BMP protein. The prodomain is crucial 

not only for correct protein folding, but continued association with the prodomain 

helps direct the protein complex to the microfibril elements within the extracellular 

matrix. BMPs are typically bound to fibrillins in the extracellular matrix through 

binding of the prodomain. Both BMP2 and BMP4 prodomains, however, have been 

shown to either disassociate or fall off in transition. Since prodomains are critical for 

BMP protein direction and anchoring to the extracellular matrix, both BMP2 and 
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BMP4 undergo different processes. Both of these molecules have secondary cleavage 

sites within their prodomains that are tissue specific. This generates long or short 

prodomains that dictate whether the mature protein is released as soluble (short) or 

tethered/anchored (long)(65).  

BMPs are found throughout the human body, and their actions depend on the 

bioavailability of these molecules. For example, BMPs 1-7 have been found within 

matrix vesicles of growth plate chondrocytes, indicating and supporting that they are 

found within the mineralizing matrix of bone(66). BMPs also are found in almost 

every type of body fluid. BMP2 and BMP4 are found in high levels within the serum 

because they have been shown to be active in their soluble forms(67). The 

bioavailability of BMPs also depends on the presence of known antagonists to BMP 

signaling and activation. There are currently over 15 BMP antagonists, which help to 

regulate levels of active BMPs. They are classified into three subgroups based on the 

size of their cysteine knots(68). The regulatory methods of these antagonist have been 

hypothesized to act in three possible ways. They may inhibit through interaction of the 

seventh cysteine residue on BMPs, which affects the dimerization of the BMP protein. 

They also could inhibit through blocking BMP receptor activation by masking the 

epitopes responsible for receptor binding on the BMP molecule. Finally, they may 

compete for receptor binding itself. Some antagonists may also be considered agonists 

and they would also be classified as competitive activators of the receptor system(69).  

At the cell membrane BMPs bind and interact with their respective BMP 

receptors or BMPRs in order to produce a signaling assembly(62). BMPs are known to 

activate both SMAD dependent and SMAD independent signaling cascades which 

affect gene transcription. Activation of the signaling cascade is due to the bound and 
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dimerized serine/threonine kinase receptor complex, which include a type I receptor 

and a type II receptor(70). However, activation is completely dependent on the BMP 

ligand binding to the type I receptor(62). BMPRs have a short extracellular domain 

with 10-12 cysteine residues, a single transmembrane domain, and an intracellular 

serine/threonine kinase domain. There are five known BMP type I receptors and three 

known type II receptors. The type I receptors have a higher affinity for ligand 

binding(64). This differs from typical TGFβR activation, as they signal through a 

network of receptors. Normally, the type II TGF-β receptor (TβRII) dimerizes with 

another type II receptor with a pair of type I receptors(71).  

Of the 13 BMPs discussed above, the most critical and potent is BMP2. BMP2 

has been the most widely studied in relation to bone formation. Its activity and 

subsequent signaling cascade is discussed in the following section.  

1.3 BMP2 and its Signaling 

BMP2 is responsible for inducing lineage specific determination for 

osteoblasts, osteoclasts, adipocytes, and chondrocytes. It was discovered and identified 

in 1965 by Marshall Urist(72). It also was discovered that it is critical to development 

and continually expressed into adulthood as it induces both intramembranous and 

endochondral ossification as well as cartilage formation(60, 73, 74). It has been 

responsible for osteoblast and osteoclast differentiation as well as bone remodeling. 

BMP2 is released from the bone matrix during bone resorption mediated by 

osteoclasts to signal for the differentiation and recruitment of preosteoblasts to the 

remodeling site. Mice lacking BMP2 developed bones with reduced width and 

increased risk of spontaneous fracture(18, 19). Since BMP2 is multifunctional and has 

increased osteogenic capabilities it was approved by the FDA for healing of spinal 
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fusions. It is administered in tapered or cylindrical cages for this purpose(75-77). 

However, there are a lot of post-surgical complications, including, radiculitis, 

vertebral osteolysis, increased microfracture incidence, hematoma and seroma 

formation. Many of these post-surgical complications are so severe that they require 

patients to undergo corrective surgery. Therefore, use of BMP2 to treat skeletal 

diseases or complications may not be ideal given its multifaceted response(78-83).  

The BMP2 gene is located on chromosome site 20p12 (84, 85). Once the gene 

is transcribed and translated it becomes functionally active as a crosslinked 

homodimer through proteolytic cleavage by proprotein convertase subtilisin/kexin 

type 5 (PCSK5) at its C terminus(86). BMP2 that is functional and activated has 115 

amino acids and is released from the cell where it can bind to BMPRs. BMP2 can bind 

to two receptors, a type I receptor and type II receptor. Type I receptors include BMP 

type Ia (BMPRIa), BMP type Ib (BMPRIb), and activin receptor type I receptor 

(ActRI)(87, 88). Type II receptors include BMP type II (BMPRII), activin receptor 

type IIa (ActRIIa), and activin receptor type IIb (ActRIIb)(62, 64). These receptors 

can be localized in caveolae, clathrin coated pits (CCPs), and lipid rafts located on the 

plasma membrane and are expressed in osteoblasts and osteoclasts, indicating how 

critical they are for bone remodeling and homeostasis(73). BMP2 preferentially binds 

to BMPRIa/b where it binds at the beta4beta5 loop, which oligomerizes with BMPRII, 

or BMPRIb to a lesser extent. However, the signaling pathways subsequently activated 

depend on which type I receptor BMPRII oligomerizes with (89, 90). Phosphorylation 

and activation of BMPRIa leads to adipogenesis, chondrogenesis, and osteogenesis 

while phosphorylation and activation of BMPRIb leads to apoptosis and cell death(91, 

92). BMPRs can be found in different domains within the plasma membrane. BMPRs 
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can also be found oligomerized together in preformed complexes or become 

oligomerized upon ligand binding. For example, SMAD signaling occurs when BMP2 

binds to preformed heteromeric complexes, whereas SMAD independent signaling 

occurs when BMP2 binds to BMPRIa and BMPRII is recruited to that complex, seen 

in Figure 1.8(70, 93, 94).  
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Figure 1.8 BMPR Plasma membrane Dynamics. (A) BMPRs can exist in several 

different domains within the plasma membrane (lipid rafts, caveolae, and 

CCPs). (B) They can also exist as preformed complexes or they may 

stand alone and be recruited together once a ligand (BMP2) binds 

preferentially to BMPRIa, thus recruiting BMPRII and inducing Smad 

independent signaling.  

Canonical BMP signaling, or SMAD dependent signaling occurs when 

BMPRIa phosphorylates SMAD 1/5/8, recruiting SMAD4 (a regulatory SMAD). This 

bound complex will translocate into the nucleus and acts as a transcription factor for 

osteogenic genes like RUNX2 and OSX(95, 96). Non canonical or SMAD independent 
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signaling occurs when BMP2 binds to BMPRIa, recruiting BMPRII. BMPRII 

phosphorylates BMPRIa at the GS box and MAPK signaling becomes activated, 

which activates extracellular signal related kinase (ERK), phosphatidylinositol-2 

kinase (PI3K), and the TAB/TAK1 pathways. Each of these signaling events activates 

NF-kβ and p38 leads to differentiation of osteoblast precursors into osteoblasts, except 

for the TAB/TAK1 pathway, seen in Figure 1.9(62, 97, 98).  
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Figure 1.9 BMP2 Signaling Schematic. BMP2 will bind to its two corresponding 

receptors, BMPRIa and BMPRII. This binding activates several signaling 

cascades through the activation and phosphorylation of the GS box. In 

addition, CK2 also is phosphorylated, activated and released from 

BMPRIa. The most notable BMP signaling cascade is the Smad signaling 

cascade, shown on the left. Smad independent signaling involves the 

activation of Erk, PI3K, and the TAB1/TAK1 pathways. All of these 

pathways influence osteoblast activity.  

The area in which the BMPRs are localized will dictate how they are endocytosed or 

activated. BMP2 has been shown to preferentially bind to BMPRIa aggregates 

localized in caveolae, but like previously mentioned BMPRs can be found in CCPs 

and lipid rafts(99-102). The BMP2 and BMPR complex becomes endocytosed into the 
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cell, but the exact fate of the complex is unknown. The complex could be recycled 

back up to the membrane or degraded through lysosomal degradation, but how this 

occurs and what dictates the complex endocytic pathway needs to be further 

investigated(103-106).  

New areas within BMP signaling dynamics continue to be discovered. In 

previous years the Nohe lab had discovered the novel interaction between BMPRIa 

and an interacting protein kinase called CK2, which is a known substrate modifier to a 

large variety of other proteins. CK2 and its role in BMP signaling will be discussed in 

the following section.  

1.4 Casein Kinase 2 and its Role in BMP Signaling 

CK2 is a highly and ubiquitously expressed protein found in eukaryotic 

organisms. It exists in tetrameric form which consists of two catalytic subunits and 

two regulatory subunits(107-109). In humans there are three isoforms of the catalytic 

subunit which include CK2α, CK2α’, and CK2α’’. There is only one regulatory 

subunit isoform, which is CK2β(110, 111). The tetrameric complex may consist of 

various combinations of these isoforms. CK2 is known for its ability to phosphorylate 

serine or threonine residues proximal to acidic amino acids(112). While it 

preferentially phosphorylates serine and threonine residues, it also can act as a dual 

specificity kinase by activating and phosphorylating tyrosine residues, but less 

favorably(113). This expands the amount of substrates with which CK2 can interact, 

and there are currently over 300 known CK2 substrates(114).  

Interestingly, CK2 is a key regulator of the BMP pathway. Without BMP2 

bound to its receptors, CK2 associates with BMPRIa at three phosphorylation sites 

and prevents activation of downstream effector proteins. Once BMP2 binds to its 
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receptor/receptors, CK2 is released and upregulation of osteogenesis is observed(97, 

115, 116). When inhibiting CK2’s interaction at the three phosphorylation sites, 

activation of downstream proteins are affected(97). To further study each 

phosphorylation site, mutants of BMPRIa at each of those sites were constructed. The 

phosphorylation sites are: AA 213-217, AA 324-238, and AA 475-479(115). The 

mutations were completed by exchanging a serine residue for an alanine residue and 

those mutations led to an induction of osteogenesis, adipogenesis, chondrogenesis 

respectively(116). Blocking peptides were constructed that correspond with each of 

the phosphorylation sites, and the peptides are named CK2.1, CK2.2, and CK2.3. 

These peptides bind to CK2 and prevent its interaction with BMPRIa at that particular 

phosphorylation site. Peptides led to increased chondrogenesis (CK2.1), adipogenesis 

(CK2.2), and osteogenesis (CK2.3). This indicates that the phosphorylation sites on 

BMPRIa control the activated signaling pathways for BMP2 induced signaling(97, 

100, 103, 115-118). 

 CK2 may be involved in the shuffling and recycling of BMPRs, but this 

function is still unknown. CK2 has also been shown to interact with ERK, a 

downstream protein of the BMP pathway, and aid in its nuclear translocation, which 

subsequently activates vital osteogenic specific genes(119). Therefore, peptide 

mediation of CK2 could increase CK2 and ERK colocalization and activation, but this 

also remains unknown and needs to be explored further.  

BMPs, their subsequent signaling, membrane dynamics, and novel interactions 

have been discussed and outlined, however it is important to note, all the previous 

statements relate to a normal, healthy individual. Many abnormalities exist within 
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these aforementioned that topics can lead to various bone related diseases. Common 

bone diseases and their known causes (if any) are discussed in the following sections.  

1.5 Major Human Skeletal Diseases 

Unfortunately, the bone remodeling cycle and bone homeostasis can be 

disrupted in different ways. This leads to a variety of different skeletal diseases or 

disorders. Generally, these diseases or disorders occur before birth or later in life. A 

skeletal disease arising before birth is osteogenesis imperfecta, other developmental 

bone disorders are classified as sclerosing bone disorders like osteopetrosis or marble 

bone disease. Some rare bone disorders that can arise in children or adults are 

rickets/osteomalacia, and Pagets disease, which is a progressive disorder. Some more 

common skeletal disorders include osteoarthritis and osteoporosis, which greatly 

affect not only the American population, but also the world’s population. These 

diseases are outlined in the following sections(120).  

1.5.1 Developmental Bone Diseases 

Osteogenesis imperfecta (OI) is the most common genetic and developmental 

bone disorder. It is inherited and causes the bone to be very brittle, breaking or 

fracturing very easily. There are a number of different forms of this disease and all are 

a result of different types of genetic defects or mutations. These defects cause OI to 

interfere with the production of collagen type I, which is an integral part of bone tissue 

as it is a major component. Most of these genetic variations are inherited, but some are 

not and can occur spontaneously. Most patients diagnosed with OI have low bone 

mass or osteopenia, and therefore exhibit an increased risk of fracture. There are four 

different types of OI: type I- is the most common and the mildest of the four, very few 
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fractures are seen; type IV- is the second mildest form of this disease, there can be 

some mild to moderate bone deformities with some patients showing dental problems 

or hearing loss; type III-is a more severe version of this disorder, patients experience 

frequent fractures, shortened statures, hearing loss and dental problems, and type II- is 

the most severe form of this disease where patients experience numerous fractures, 

and severe bone deformity that leads to death(120-122).  

Other developmental bone diseases are sclerosing bone disorders, one of which 

is known as osteopetrosis or marble bone disease. This results from genetic defects 

that impair osteoclasts from resorbing back old or damaged bone. This causes bone to 

be very dense, however it is not structurally more durable. In fact, osteopetrosis bone 

is very brittle and structurally unsound, therefore fractures frequently occur. This 

disorder also poses some neurological issues, such as deafness or blindness, and 

anemia, which is due to the compression of nerves within the bone tissue(121).  

1.5.2 Rare Bone Disorders 

Two rare bone diseases that stem from the same deficiency are rickets 

(affecting children) and osteomalacia (affecting adults). These disorders are caused by 

a deficiency of Vitamin D. While rare, these two disorders can cause serious 

abnormalities. Rickets, in particular, is caused by a delay in calcium phosphate 

deposition in growing bones, which causes skeletal deformities. Skeletal deformities 

do not occur in osteomalacia, because it occurs in adults and longitudinal growth 

during development has stopped. However, it does cause an increase in fractures in 

weight bearing bones. Mostly these diseases are caused by reduced sun exposure (or 

reduced vitamin D), phosphate deficiency, and lastly inheritance (to a lesser 

extent)(123, 124). Chronic renal diseases also can put patients at risk for developing 



 37 

both rickets and osteomalacia, in addition to renal osteodystrophy(125). Renal 

osteodystrophy is a complex bone disease that is characterized by increased 

parathyroid hormone (PTH) and delayed bone mineralization caused by the decreased 

kidney production of 1,25 dihydroxyvitamin D. Vitamin D3 itself is produced within 

the skin from 7-dehydrocholesterol and UV radiation. Eventually the liver and kidneys 

will further process vitamin D into 25 hydroxyvitamin D (OHD), which is the main 

circulating form of vitamin D.  25 OHD will become further metabolized within the 

kidney into 1,25 dihydroxyvitamin D, which is the main hormonal form of vitamin D 

in the body(126). A decrease in hormonal vitamin D causes bone cysts to form 

through increased osteoclast resorption by excessive parathyroid hormone (PTH) 

production(127, 128). PTH is secreted by the parathyroid gland and is a key regulator 

of calcium homeostasis within the body. When extracellular calcium levels fall, PTH 

is released and signals for bone resorption to take place, in order to increase the 

extracellular calcium levels(129).  

1.5.3 Paget’s Disease 

Paget’s disease is a progressive and crippling disorder caused by dysregulation 

of bone remodeling. It is the second most common bone disease in humans. It can be 

transmitted, but it is more likely to be inherited. It also can be caused by 

environmental factors, but this is very rare. This mostly affects the spine, pelvis, legs, 

or skull – but all bones can be affected. There is increased bone resorption at the 

affected site, due to the increased number of osteoclasts, as well as their increased 

activity. Bone formation then increases, but the newly formed bone does not have 

structural integrity due to the disorganized structure of the newly formed bone. 

Patients who have Paget’s also have larger bones, blood vessels, and connective tissue 
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within the bone marrow. This leads to deformities as well as an increased risk of 

fractures. This disease can also lead to neurological complications due to the 

compression of the nerves within the bone(130).  

1.5.4 Osteoarthritis 

A prevalent skeletal disorder not immediately related to bone deficiency, but 

rather cartilage deficiency is osteoarthritis (OA). It is known also as degenerative joint 

disease and involves, as the name implies, softening or loss of articular cartilage, 

subchondral bone sclerosis, cyst formation, and development of osteophytes. It is also 

the most common form of arthritis. When the joints of OA patients (where the 

cartilage is found) becomes painful, swollen, and hard to move. OA mostly affects the 

hips, knees, hands, lower back, and neck. It can start at any age, but most commonly 

affects individuals in their 50s or older. It is also more prominent in women than it is 

in men. OA starts gradually, and then worsens over time. It is diagnosed through an X-

ray, magnetic resonance imaging (MRI), or joint aspiration. There are no treatments 

on the market that restore or reverse cartilage loss. Current therapeutics focus on 

managing the pain associated with the disease, as well as to slow its progression(131).  

1.5.5 Osteoporosis 

Osteoporosis (OP) is the most common bone disease in humans, millions of 

Americans are affected by this debilitating bone disease. Approximately one in two 

women and one in three men age 60 and older will be diagnosed with OP. As the 

aging population increases, so will the incidence and occurrence of OP. It is 

characterized by low bone mass or low bone mineral density (BMD), as well as the 

deterioration of the bone structure. This causes bones to be more brittle, thus causing 
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an increased risk of fracture that those diagnosed with OP exhibit. Individuals also 

have increased risk to develop multiple fractures, which can cause injuries that can be 

debilitating, leading to a decrease in physical and mental health capacities. OP can 

occur throughout the body (the most common form, also called generalized OP), but it 

can also occur in localized areas throughout the skeleton(120). There are two types of 

OP: primary OP and secondary OP. Each will be discussed below(132).  

1.5.5.1 Primary OP 

Primary OP is the most common type and it mostly affects the elderly. It is 

sometimes referred to as age related OP or post-menopausal OP, as women are at a 

greater risk of developing primary OP(132). Younger children and adults can also 

have primary OP, but it is very rare. This is termed idiopathic primary OP, as the 

cause of this particular version of OP is not known(120). Age related primary OP is 

two to three times more likely to affect women than men, which is due to women 

having two phases of age-related bone loss, while men only have one. The two phases 

of bone loss that women experience is: a rapid phase which begins at menopause and 

lasts approximately four to eight years after menopause ends; the slower, continuous 

phase lasts throughout the remainder of life. Men mostly lose bone through the slower 

continuous phase. This slower phase accounts for 20-25% loss of both cortical and 

trabecular bone, while the rapid phase results in an additional 5-10% loss of cortical 

bone, and a 20-30% loss of trabecular bone(133). The rapid phase of bone loss is 

mostly due to estrogen loss in women, but also can occur in men. When women 

undergo menopause there is a swift decline in estrogen production. This decrease in 

estrogen causes a decrease in the activation of estrogen receptors found within bone 

cells, which causes an increase in osteoclast activity leading to bone resorption and a 
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decrease in osteoblast activity or bone formation. This causes thinning of the cortical 

bone shell and decreases integrity within the trabecular bone structure.(134).  

The slower phase of bone loss is caused by some additional factors like: age-

related impairment of bone formation, decreased calcium and vitamin D consumption, 

lower amount of physical activity, and loss of the positive effect of estrogen on 

calcium balance within the intestines as well as calcium storage within the 

kidneys(133). Calcium imbalance then causes a detrimental cycle within the bone as 

well as the body, especially if there are lower amounts of calcium consumed. Calcium 

levels continue to fall due to lack of calcium within the kidneys and inevitable, but 

continued loss through stool and urine. This causes serum levels of calcium to fall, 

which in turn triggers parathyroid hormone (PTH) levels to rise. PTH signals for 

osteoclast resorption in order to release calcium back into the serum to make up for the 

original loss. This vicious cycle leads to more and more bone being resorbed back, and 

less bone being formed, leading to OP(120). 

In men, age related OP is attributed to sex steroid deficiency. Testosterone is 

the major sex hormone in men, however some of it is converted to estrogen through an 

aromatase enzyme. This conversion to estrogen is to provide more calcium regulation, 

and to protect bones. However, as mentioned before, men can also experience a 

decrease in estrogen (as well as testosterone). This is from an increase in a sex binding 

hormone called globulin. This protein binds to both estrogen and testosterone creating 

a complex that renders both sex hormones inactive. The inactivity of these hormones 

causes a decrease in bone formation and increases bone resorption through the effect 

of calcium malabsorption, eventually increasing PTH levels(135).  
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1.5.5.2 Secondary OP 

Secondary OP is observed as a byproduct of another treatment or pre-existing 

condition. This type of OP can affect both young and old. Those diagnosed often 

experience greater levels of bone loss when compared to individuals of the same age, 

gender, and race(135, 136). Some diseases that cause secondary OP are idiopathic 

hypercalcemia and cystic fibrosis. This is due to calcium and vitamin D 

malabsorption, delayed puberty, and a decrease in sex hormones(137). It can also be 

caused by Turner’s, Kallman’s, and Klinefeter’s syndromes due to sex hormone 

deficiency during adolescence that those diagnosed with these syndromes 

exhibit(133). Primary hypothyroidism is common in post-menopausal women, which 

again increases the chances of women to develop OP. Primary hypothyroidism causes 

increased secretion of PTH, leading to increased osteoclast activity(138). Many 

neurological disorders also cause secondary OP due to their effects on decreased 

mobility or balance. Interestingly, this also includes patients who have had a stroke, or 

spinal cord and brain injuries(139). Some psychiatric disorders have been linked to 

secondary OP, including depression and anorexia nervosa. It is important to note that 

it is not known whether or not having low BMD causes depression or vice versa(140).  

There are also some therapeutics that cause secondary OP. The main treatment 

that is known to cause OP, and that has been studied extensively is glucocorticoids. 

There is even a name associated with this type of secondary OP, glucocorticoid 

induced OP. Glucocorticoids are used to treat inflammatory conditions like arthritis, 

asthma, and chronic lung disease. They cause large reductions of bone formation as 

well as possibly increasing bone resorption. It is a large concern in the health care 

community, and providers are prescribing this treatment only to those patients who 

absolutely need it. They also are urged to prescribe glucocorticoids at the lowest 
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possible effective dosage, for the shortest amount of time. It also is recommended to 

administer this treatment locally, whenever possible in order to decrease the amount of 

bone loss in patients(141).  

1.6 Diagnosis and Treatment Options for OP 

Currently osteoporosis is diagnosed through a central DXA (Dual Energy X-

ray Absorptiometry) scan of the total hip, femoral neck, and lumbar spine, which then 

determines the T-score. The T-score shows how much the bone density of the patient 

is higher or lower than a healthy, 30-year-old adult. The lower the T-score value, the 

lower the patient’s BMD. It is recommended that female patients 65 years and older 

and male patients 70 years and older obtain regular bone screenings through DXA. If a 

patient has a T-score below -2.5, they are diagnosed with OP(142). 

The current treatments on the market for OP are not ideal, in that they produce 

several unwarranted side effects. Additionally, not all medications are approved by the 

FDA for every type of OP(143). Current therapeutics approved by the FDA are 

highlighted in Table 1.2. 
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Table 1.2 Current Osteoporotic Therapeutics Approved by the FDA 

 

 Treatments can be grouped into two categories, antiresorptive and anabolic. A 

majority of the treatments on the market are antiresorptive, because they focus on 

decreasing bone resorption (144). The most common treatment prescribed or the first 

line of treatment for primary OP are bisphosphonates. They can be oral tablets, 

effervescent tablets, or in some cases an injection. The oral tablets are the most 

common form of bisphosphonates, which are recommended to be taken alone, first 

thing in the morning, on an empty stomach. This is a major inconvenience as these 

patients are typically in the older generation, and the main side effect is upper 

gastrointestinal discomfort. Bisphosphonate injections are not a typical way to 

administer this drug, as the major benefit is the oral tablet delivery method. All other 

treatments highlighted in the table are injections, which is a major drawback for some 

patients, increasing the popularity and use of bisphosphonates. Bisphosphonates can 

only be taken for a maximum of five years, after which it is recommended to take a 

drug holiday as the risks far outweigh the benefits(145). 
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 There are very few anabolic therapeutics on the market, they include synthetic 

PTH and sclerostin inhibitor (144). Synthetic PTH can be taken only for a maximum 

of two years, after this time period the negative effects far outweigh the positive 

effects, due to the increased risk of the development of osteosarcoma, which has been 

observed in rats (146).There are two forms of synthetic PTH available, teriparatide 

and abloparatide. Teriparatide was the first anabolic treatment approved for OP and is 

suggested as a treatment for those at a higher risk of fracture or those with previous 

fragility fractures(145). Abloparatide was the second anabolic treatment approved for 

OP in 2017 and it is also used for women at higher risk for fractures and for patients 

who are intolerant to other therapies(147). Both synthetic therapies mimic the 

physiological actions of PTH in stimulating new bone formation through stimulating 

osteoblast activity when administered in intermittent small doses(148). Both therapies 

also have extended side effects that include dizziness, nausea, fatigue, upper 

abdominal pain and vertigo(143). The newest treatment available is sclerostin 

inhibitor, romosozumab, which is a humanized monoclonal antibody that inhibits 

sclerostin(149). It was approved by the FDA in 2019 and is administered through two 

consecutive injections, once a month. It is only recommended to take this treatment for 

one year, after the initial year the beneficial anabolic effects decrease(150). Since it is 

newly approved, there are no long-term studies or side effects that are known. Current 

known side effects include myocardial infarction, stroke, cardiovascular death, fever, 

joint pain, trouble breathing, and increased heart rate(151). There is no treatment that 

focuses on decreasing osteoclast activity, while also increasing osteoblast activity. 

Therefore, there is a great need to better understand what is causing this disease, so 

better therapeutics can be developed. BMP2 is a growth factor that increases bone 
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growth (or osteoblast activity) (49) and decreases bone resorption (or osteoclast 

activity) (152-155). Human recombinant BMP2 (rhBMP2) is approved by the FDA for 

the healing of long bone fractures. However, the long term use of BMP2 is linked to 

increased osteoclastogenesis, therefore it is not a viable treatment for OP (152). While 

BMP2 is not an ideal treatment for OP, further investigation of the BMP pathway 

could elucidate new mechanisms or new potential therapeutics.  

 

1.7 BMP Signaling in OP 

Many studies point to the link of aberrant BMP2 signaling in OP. For example, 

in 2003, a linkage analysis of a large number of extended OP families in Iceland, using 

a phenotype that combines osteoporotic fractures and BMD measurements, showed 

linkage to Chromosome 20p12.3 (multipoint allele-sharing LOD, 5.10; p value, 6.3 × 

10−7) (156). Since then, researchers are still trying to determine if polymorphisms in 

the BMP2 gene may be implicated in OP. For example, in the Rotterdam study, which 

used a large cohort, BMP2 Ser37Ala and Arg190Ser polymorphisms or haplotypes 

were not associated with parameters of OP. On the other hand, polymorphisms of 

BMP2 rs967417 and rs79417223 are associated with osteoporotic fracture. The 

rs967417 TG/TT genotype might be a protective factor for osteoporotic fracture, while 

rs79417223 GG genotype might increase the risk of osteoporotic fracture (157). 

Several researchers reported that the BMP signaling pathway is affected in cells, 

serum levels and bone specimens of patients with OP (158-166). Some researchers 

looked into serum or blood levels of BMP2, ALP, SMAD4, pSMAD1, and OC(159, 
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160). While the findings were interesting, as OP patients who obtained a severe 

fracture had significantly lower BMP2 and SMAD4 levels, looking into circulating 

SMAD levels is not indicative of the BMP cellular signaling cascade. Other research 

groups looked into MSCs isolated from OP patients as compared to normal, healthy 

patients. They discovered that there was a significant decrease in pERK activation 

(assessed through a western blot) following BMP2 stimulation. Interestingly, when 

observing pSMAD1/5/8 protein levels, they found no significant differences following 

BMP2 stimulation(161). Moreover, while MSCs from OP patients have decreased 

SMAD1 levels, RUNX2 mRNA expression is controversial with one author citing no 

change and another suggesting upregulation in response to BMP2 (161, 163, 164). 

Interestingly another research group found that stimulation of MSCs with BMP2 

showed an upregulation of pSMAD1/5/8; however this upregulation did not increase 

expression of  RUNX, OC, DLX5 and ALP (161, 163, 165). However, osteoporotic 

MSCs had increased gene and protein levels of BMPRIa when compared to MSCs 

derived from control patients, which indicates a potential disparity in the BMPRIa 

signaling pathway or receptor distribution. Recently a publication suggests OBs from 

30% of donors of spongy bone did not respond to BMP2 (166). These cells 

upregulated BAMBI, and SOST was downregulated (166). In order to determine if 

OBs isolated from OP respond to BMP2, we stimulated explant cultures from femoral 

heads obtained after hip arthroplasty and determined the effect of BMP2 on OB 

activity and mineralization. As our published data showed, OBs isolated from POP did 

not respond to BMP2 (158). Moreover, BMPRIa was upregulated in POP. These 
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results are similar to previous reports on BMPRIa expression in BMSCs of POP (165). 

Taking data obtained from patients diagnosed with OP (167) and the data obtained 

from animal experiments (100, 168) confirming the positive effect of BMP2 on 

osteogenesis, osteoblast activity and bone formation (169-171), BMP2 should be a 

powerful treatment for OP. However, BMP2 failed in the clinic as a treatment for 

fractures due to an array of side effects and general lack of effectiveness (172). None 

of the treatments for OP affect BMP signaling pathways, which is aberrant in POP. 

Therefore, new therapeutics need to be designed in order to address this BMP 

signaling issue.  

1.8 CK2.3, a Potential Novel OP Therapeutic 

Looking into the BMP pathway, the Nohe lab shows an interacting protein, CK2 

that associates with BMPRIa, through an immunoprecipitation of BMPRIa (97). CK2 

is ubiquitously expressed and has over 300 phosphorylation substrates (173). It 

consists of two catalytic subunits (an α and an α1 ) and two regulatory β subunits 

(114). The β subunits help with CK2 assembly and docking to the various CK2 

substrates, while the catalytic subunits favor serine and threonine residues (174). 

Three potential CK2 phosphorylation sites located on BMPRIa were discovered 

through a prosite search. Novel peptides were designed to mimic those sites (97). The 

peptide sequence contains the antennaepedia homeodomain, which aids in cellular 

uptake of the peptide, and several amino acid residues flanking each end of the 

phosphorylation site sequence, to aid in the peptides binding to the corresponding CK2 
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binding site. These peptides are hypothesized to bind to CK2 and inhibit its interaction 

at that particular site on BMPRIa. The peptide that blocks site 3 (which correspond to 

amino acids SLKD) on BMPRIa (at position 213-217) is known as CK2.3 (175). 

CK2.3 induces bone growth and mineralization in both an in vivo and in vitro mouse 

model (115, 117, 118). It was unclear if the same phenotype would occur in cells 

extracted from patients diagnosed with OP. To test this, cells were extracted from 

human femoral heads and assessed for mineralization through a Von Kossa assay. The 

femoral heads were collected from patients diagnosed with both OP and OA from 

Christiana Care Hospital in Newark, DE. The extracted cells were treated with BMP2 

or the Nohe lab’s novel peptide (and potential osteoporosis therapeutic) CK2.3. Cells 

extracted from OA patients responded to both BMP2 and CK2.3. It was observed that 

osteoporotic patients did not respond to BMP2 but still responded to CK2.3(158). 

Under normal conditions, when BMP2 binds to its two dimerized receptors, BMPRIa 

and BMPRII, the type II receptor phosphorylates the type I receptor at the GS box, and 

a signaling cascade is induced. Both SMAD dependent and SMAD independent 

signaling is activated. However, under osteoporotic conditions it is not known what 

occurs. When BMP2 is introduced in this scenario, an osteogenic signaling cascade is 

not induced. CK2, the interacting protein, could not be released from the type I 

receptor in this situation, causing further unknown complications. CK2.3 stimulation 

is hypothesized to rescue this mechanism, by releasing CK2 from BMPRIa, and 

inducing, either SMAD dependent activation, ERK (SMAD independent) activation, 

or both. CK2.3 has previously been shown to act through the ERK signaling pathway, 



 49 

and the SMAD signaling pathway (to a lesser extent) in isolated mouse cells, and 

C2C12 cells, outlined in Figure 1.10 (116). 

 

Figure 1.10 CK2 and BMPRIa Phosphorylation Sites. (A) Potential CK2 

phosphorylation sites on BMPRIa, labeled with numbers corresponding 

to the respective sites. Mimetic peptides were designed that mimic the 

CK2 phosphorylation site and have synonymous residues from BMPRIa 

flanking both sides. Each peptide corresponds to a different CK2 

phosphorylation site, CK2.1 with site 1, CK2.2 with site 2, and CK2.3 

with site 3. (B) CK2.3 has been shown to increase osteoblast activity in a 

variety of cell lines and animal models. Recently, it was discovered to be 

uptaken into the cell through caveolae, where it binds to CK2 and 

increases osteogenesis through the Smad and Erk signaling pathways.  

 Whether CK2 interacts with SMAD or ERK directly in cells isolated from patients 

diagnosed with OP to induce a signaling response is not yet known. CK2 interaction 
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and phosphorylation of ERK is shown in HeLa cells, therefore the possibility of 

interaction between CK2.3 and ERK is plausible (119). 

1.9 Hypothesis and Aims 

The linkage between OP and aberrant BMP signaling needs to be further 

elucidated. In addition, CK2’s potential interaction with downstream BMP signaling 

partners also need to be further elucidated. CK2.3 could rescue aberrant BMP 

signaling through the direct mediation of CK2 with ERK or SMAD. Taking all of this 

together the following hypothesis and aims were proposed and completed.  

Hypothesis: Mature osteoblasts isolated from patients diagnosed with OP have an 

altered BMP signaling pathway. 

Aim 1: Elucidate the difference between BMP2 and CK2.3 stimulation in 

osteoblasts isolated from human femoral heads. 

Aim 1a: Establish primary osteoblast extraction and culture 

methodology from human femoral heads. 

Aim 2a: Determine the mineralization response to both BMP2 and 

CK2.3 stimulations. 

Aim 2: Clarify the signaling pathways utilized by BMP2 and CK2.3 in cells 

extracted from OP patients. 

Aim 2a: Define the regulation of BMP receptors with CK2. 

Aim 2b: Determine CK2.3’s effect on BMP signaling. 
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MATERIALS AND METHODS 

2.1 Subjects 

Following institutional review board (IRB) exemption from Christiana Care 

Hospital, Newark, DE, (10 April 2013) human femoral heads were obtained after 

being extracted from patients undergoing hip arthroplasty surgery (DDD# 602228). 

The patients were diagnosed with osteoporosis or osteoarthritis (or control). A total of 

86 femoral heads were collected, of which 68 (aged 37–92) were from patients 

diagnosed with OP and 18 (aged 56–86) were from patients diagnosed with OA; all 

femoral heads were isolated from female patients. 

2.2 X-raying Femoral Heads 

The femoral heads were X-rayed posterior to anterior with a Nomad Pro 

Veterinary Handheld X-ray System. A penny was positioned in the X-ray to verify 

that the distance between the handheld X-ray and the femoral head remained constant. 

After the radiographs were obtained, the pixel intensity (PI) of each femoral head was 

calculated. 

2.3 Calculation of BMD 

The radiographs were analyzed and measured in ImageJ. The PIs of two 

background regions of interest (ROI) were measured using the “Measure” function of 

ImageJ (NIH, Bethesda, MD, USA). They were then subtracted from the PI of the 

Chapter 2 
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bone intensity ROI to obtain the BMD. PI is a measurement of a gray-level value on a 

scale of 0 (black) to 255 (white) and has been shown to correspond with bone density 

(mineralized) or BMD in several other studies (176, 177). This type of quantification 

of BMD is called single photon absorptiometry (SPA) as the X-ray penetrates through 

the sample in a single-photon ray and is reflected onto a detector (178). 

2.4 Calculation of TMD 

Microcomputed tomography scans were taken and analyzed through a 

SCANCO MicroCT 35 device. A total of 1000 X-ray images were obtained at a range 

of 180° at different angles, with a filtered back-projection algorithm used to determine 

the “brightness value” of each voxel. The voxels’ “brightness value” was converted to 

density measurements through a conversion scale determined by several “brightness 

values” of metal rods of a known density. The trabecular volumes were manually 

defined, and the TMD reported is the averaged density of voxels within that particular 

ROI. A trabecular ROI from the image stack was defined by manually contouring the 

trabecular bone roughly for an irregular anatomic region a few pixels from the cortical 

bone for 16 slides and interpolating that to 231 slides. The microCT scans were treated 

with a Gaussian filter to remove background noise, and the ROIs were then subjected 

to auto thresholding, with the threshold for trabecular bone to be 35% maximal 

brightness. Several standard morphological measures of cortical and trabecular bone 

were reported for the contoured trabecular and cortical ROIs. TMD measured the 

averaged density of all voxels, including voids within the volume defined by the 

contours (or ROI). 
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2.5 MMA Embedding 

Preserved femoral heads from patients diagnosed with either OP or OA were 

aged 58-95(11 total patients) and 41-66 (7 total patients), respectively. Using a 

modified embedding protocol from Akkiraju and colleagues (179), femoral heads were 

fixed in 10% Neutral Buffered Formalin (NBF). Once fixed the bones were cut down 

the midsagittal plane, and an area of trabecular bone was removed from the interior 

region of the bone. The bone fragments were washed with 1x PBS at room 

temperature (RT). They were then subsequently dehydrated using a series of ethanol 

dilutions. The ethanol dilution series started with a 70% ethanol incubation for 8-16 

hours, 90% ethanol incubation for 8-16 hours, 95% ethanol incubation for 8-16 hours, 

two changes of 100% ethanol for 8-16 hours each, two changes of 100% isopropanol 

for 8-16 hours each, and two changes of methyl salicylate for 4 hours each. Once 

completely dehydrated samples were infiltrated with methyl methacrylate (MMA) I 

(750 mL MMA, 140 ml N-butyl pthalate) for 48 hours at RT. Next, they were 

infiltrated with MMA II (750 mL MMA, 140 mL N-butyl pthalate, and 9 grams of dry 

benzoyl peroxide) for 48 hours at 4°C. Last, the samples were infiltrated with MMA 

III ( 750 ml MMA, 140 mL N-butyl pthalate, 17.75 grams of dry benzoyl peroxide) 

for 48 hours at 4°C. Samples were embedded in glass vials, and once hardened 

samples were placed in a 40°C oven for seven days in order to fully solidify the 

samples. Once fully solid samples were removed from the glass vials by breaking the 

glass with a rubber mallet. They were then trimmed and sectioned using a diamond 

wafering blade (Buehler) using an IsoMet low speed Saw (Buehler, Lake Bluff, IL). 

The sections were then sanded down using Carbimet Abrasive discs (Buehler) sand 

paper. 
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2.6 Antigen Retrieval and Immunostaining of Embedded Samples 

Cut and sanded MMA samples with approximately 200-600µm thickness were 

placed in a Xylene solution for one minute to dissolve back the plastic resin. They 

were then placed in a prewarmed (37°C) testicular hyaluronidase solution (47 mL 

0.1M potassium phosphate, 3 mL 0.1M sodium phosphate, and 0.025g testicular 

hyaluronidase) for 30 minutes. The samples were washed with 1x PBS three times 

following the incubation. Samples were then blocked with 3% Bovine Serum Albumin 

(BSA) for one hour at RT and then incubated with their designated primary antibodies 

overnight at 4°C. Primary antibodies included: BMPRIa goat polyclonal IgG as a 

1:200 dilution (200 µg/mL, Santa Cruz Biotechnology, Dallas, TX, USA), and CK2α 

rabbit polyclonal IgG  as a 1:200 dilution (200 μg/mL, Santa Cruz Biotechnology, 

Dallas, TX, USA). Following overnight incubation the samples were washed three 

times in 1x PBS for 15 minutes each and then incubated for the corresponding 

secondary antibodies for one hour at RT. Secondary antibodies include: Donkey anti 

goat IgG 488 as a 1:500 dilution (Life Technologies, Carlsbad, CA) and chicken anti 

rabbit IgG 568 as a 1:500 dilution (Life Technologies, Carlsbad, CA). The samples 

were washed three times with 1X PBS for 15 minutes each and then stained for the 

nucleus using Hoescht (bisbenzimide, Sigma-Aldrich, St. Louis, MO, USA Hoechst 

dye No. 33258, dissolved in H2O) for ten minutes and subsequently washed with 1X 

PBS. Embedded bone slices were imaged using Zeiss LSM 710 at the 20X/0.75 Plan 

Apochromat objective (Flour, Zeiss, Germany). After the images were collected pixel 

intensity was determined through the “Measure” function of ImageJ (NIH, Bethesda, 

MD, USA).   
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2.7 Explant Culture 

Femoral heads were collected within 48 hours post extraction. The patients 

were diagnosed with either OP or OA (control) and were aged 79-87 (5 total patients) 

and 54-66 (4 total patients), respectively. Using nose pliers and DREMEL 4000 

trabecular bone fragments (2 mm) were extracted from the interior of the bone, as 

shown in Figure 3.8. Once removed the samples were washed with 1X PBS, and then 

placed in a 100% antibiotic/antimycotic solution for ten minutes. Following this 

incubation samples were placed in a six well plate with DMEM and 10% FBS 

solution. Fragments were stimulated with 40nM of BMP2 and 100nM of CK2.3 as 

designated for five days, with media and re-stimulation occurring on the third day. 

2.7.1 Viability Staining 

In order to test the efficacy of utilizing a bone explant model, a cell viability 

assay was conducted. After the five day stimulation period, the bone fragments were 

stained for viable cells using CellTrace™ Calcein Red-Orange, AM (Thermo Fischer, 

Waltham, MA), 1µM solution was aliquoted directly into the media. This dye is 

readily taken up by eukaryotic cells with a retained cell membrane, indicating that the 

dyed cells are viable. A Hoescht nuclear stain (1µL of a 1:1000 dilution, directly into 

the media) was also used to determine the amount of live and dead cells present within 

a sample. After ten minutes, the media was aspirated and the samples were washed 

one time with 1X PBS. Two mL of PBS were aliquoted onto the samples while 

imaging. The samples were imaged using Zeiss LSM 710 at the 20X/0.75 Plan 

Apochromat objective (Fluor, Zeiss, Germany). The images were collected in z-stacks, 

ranging in size from 30-40 slices per sample for the entire sample. The images were 

analyzed using ImageJ (NIH, Bethesda, MD, USA) through the “Measure ” function, 
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slice by slice. Cells stained for Hoescht, Calcein, and Hoescht and Calcein were 

counted, slice by slice. This was completed to determine both the relative intensities of 

the stains and the number of cells stained per label in order to determine the percent 

cell viability throughout the entire explant sample. 

2.7.2 Immunostaining of Explants 

After stimulation the fragments were fixed with 4.4% Paraformaldhyde (PFA) 

overnight at 4°C. Following fixation the fragments were washed with 1X PBS five 

times and then the samples were blocked in 3% BSA for one hour at RT. The 

fragments were then incubated with primary antibodies overnight at 4°C. Primary 

antibodies include BMPRIa (same as above) and CK2α (same as above). After 

primary antibody incubation the fragments were washed in 1X PBS three times for 15 

minutes each. They were then incubated with secondary antibodies (same as above) 

for one hour at RT. After incubation the fragments were washed with three changes of 

1X PBS for 15 minutes each. The explants were also stained with Hoescht for 10 

minutes at RT, and then washed one last time with 1X PBS. Approximately 1 mL of 

1X PBS was aliquoted into the wells with the explants and the explants were imaged 

using Zeiss LSM 710 with the 20X/0.70W Plan Apochromat objective (Fluor, Zeiss, 

Germany). Images were collected as z-stacks, averaging approximately 30-40 slices 

per sample for the entire sample. Images were analyzed using the “Measure” function 

of ImageJ (NIH, Bethesda, MD, USA), slice by slice, in order to obtain the relative 

pixel intensities of each of the aforementioned stains. Pixel intensities were averaged 

for each stack and for each patient. This was completed in three OP patients and three 

OA/control patients.  
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2.8 Isolation of Primary Osteoblasts 

In a sterile environment, femoral heads were selected from the trendline on the 

BMD versus age graph (Figure 3.2a) and then sliced down the midsagittal plane with 

an Arbor cut-off saw (Drill Master, 14 inch HP cut-off saw) or DREMEL 4000. Bone 

fragments of cancellous bone were extracted from the interior surface of the bone, 

washed once with 1X phosphate-buffered saline (PBS), and digested with a 

DMEM/collagenase (Dulbecco’s Modification of Eagles Medium, Corning; 

Collagenase Type II, Worthington) solution for two days. The cellular suspension was 

filtered using a 70 µm cell strainer (BD Falcon), centrifuged to pellet, resuspended in 

fresh DMEM with no collagenase solution, and plated in a T25 flask. Cells were 

grown for seven days without a media change to ensure cell adhesion to the bottom of 

the flask. After the seventh day, fresh DMEM media was supplemented to the cells 

every four days in order to promote cell growth. 

2.9 Immunostaining 

Immunostaining for Osteoblast Specific Markers OC and ALP 

Cells were isolated from three female osteoporotic patients whose ages were 

60, 73, and 76. The cells were seeded in a 24-well plate at a density of 1 × 105 

cells/cm2 per well on glass coverslips (Thomas Scientific, Swedesboro, NJ). Once 

90% confluent cells were serum-starved overnight and treated with 100 nm CK2.3, 40 

nm BMP2, or left unstimulated (US). This was completed concomitantly with the Von 

Kossa experiments for the above three patients. After five days of treatment, cells 

were washed with 1X PBS and then fixed with acetone (Fischer Scientific, Waltham, 

MA) and methanol (Fischer Scientific, Waltham, MA). The samples were 

fluorescently labeled for one hour at RT for rabbit polyclonal IgG osteocalcin as a 
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1:200 dilution (200 μg/ml, Santa Cruz Biotechnology, Dallas, TX, USA), which was 

followed by Alexafluor chicken antirabbit as a 1:500 dilution (200 μg/ml, Life 

Technologies, Carlsbad, Ca, USA) and goat polyclonal IgG alkaline phosphatase as a 

1:200 dilution (200 μg/ml, Santa Cruz Biotechnology), followed by Alexafluor 568 

donkey antigoat IgG as a 1:500 dilution (200μg/ml, Life Technologies, Carlsbad, CA, 

USA). All antibodies were diluted in a 3% BSA solution. Bisbenzimide (Sigma-

Aldrich, St. Louis, MO, USA Hoechst dye No. 33258, dissolved in H2O) was used as 

a nuclear stain for two and a half minute incubation. The coverslips were mounted 

using Airvol, as previously described [37,38]. Images were taken on Zeiss Axiophot 

with a 20X/0.75 Plan Apochromat objective (Fluor, Zeiss, Germany) and pixel 

intensity was determined through the “Measure” function of ImageJ (NIH, Bethesda, 

MD, USA). 

 

Immunostaining for BMP Receptors, CK2α, and downstream signaling proteins 

Cells were isolated from five female patients diagnosed with OP, aged 60-92. Cells 

were seeded at the same density and manner as above. After five days of treatment 

with either BMP2, CK2.3 or US, the cells were washed three times with 1X PBS and 

fixed with 4.4% (w/v) PFA for 15 minutes at RT. The cells were washed five times 

with 1X PBS, and then the membrane was permeabilized with 0.1% (w/v) saponin 

(Sigma Aldrich, St. Louis MO) for ten minutes on ice. The cells were washed again 

three times with 1X PBS. They were then blocked with 3% BSA for one hour at RT, 

and then they were incubated with the corresponding primary antibodies: BMPRIa 

(same as above), CK2α (same as above), pERK E-4 (mouse monoclonal antibody, 

1:1000 dilution, 200ug/mL, Santa Cruz Biotechnology, Dallas, TX) , ERK 1/2 (p44/42 
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MAPK (ERK1/2) rabbit polyclonal antibody, 1:1000 dilution, Cell Signaling, 

Danvers, MA),  pSMAD (phosphoSMAD1/5 rabbit monoclonal antibody, 1:1000 

dilution, Cell Signaling, Danvers, MA), SMAD (SMAD 1/5/8 n-18 rabbit polyclonal 

antibody, 1:1000 dilution, 200ug/mL, Santa Cruz Biotechnology, Dallas, TX)). This 

incubation was followed by another hour incubation with the corresponding secondary 

antibodies at room temperature. They include: Alexafluor 488 chicken antirabbit IgG 

as a 1:500 dilution (200 μg/mL, Life Technologies, Carlsbad, Ca, USA), Alexafluor 

568 donkey antigoat IgG as a 1:500 dilution (200μg/mL, Life Technologies, Carlsbad, 

CA, USA). All antibodies were diluted in a 3% bovine serum albumin (BSA) solution. 

Cells were stained for their nucleus using Hoescht for two and a half minutes. The 

coverslips were mounted using Airvol, as previously described(180, 181). Images 

were taken on Zeiss Axiophot with a 20X/0.75 Plan Apochromat objective (Fluor, 

Zeiss, Germany) and pixel intensity was determined through the “Measure” function 

of ImageJ (NIH, Bethesda, MD, USA). 

 

Immunostaining for pERK/ pSMAD and CK2α pixel colocalization 

Cells were isolated from five female patients diagnosed with OP, aged 60-92. Cells 

were seeded at the same density and manner as above. After five days of treatment 

with either BMP2, CK2.3 or US, the cells were washed three times with 1X PBS and 

fixed with 4.4% (w/v) PFA for 15 minutes at RT. The cells were washed five times 

with 1X PBS, and then the membrane was permeabilized with 0.1% (w/v) saponin 

(Sigma Aldrich, St. Louis MO) for ten minutes on ice. The cells were washed again 

three times with 1X PBS. They were then blocked with 3% BSA for one hour at RT, 

and then they were incubated with the corresponding primary antibodies: CK2α (same 
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as above), and pERK E-4 (same as above), or pSMAD1/5 (same as above). This 

incubation was followed by another hour incubation with the corresponding secondary 

antibodies at room temperature (the same antibodies listed above). All antibodies were 

diluted in a 3% bovine serum albumin (BSA) solution. Cells were stained for their 

nucleus using Hoescht for two and a half minutes. The coverslips were mounted using 

Airvol, as previously described(180, 181). Images were taken on Zeiss Axiophot with 

a 63X/1.4 Oil Plan Apochromat objective (Fluor, Zeiss, Germany). Two images were 

generated of each cell. The first image was of the entire cell, taken at zoom 1. A 

second image was taken of the same cell, but at zoom 10 within the cytoplasm of the 

cell so that pixel-pixel colocalization could be determined. Pixel-pixel colocalization 

was determined through the “Coloc 2” function of ImageJ (NIH, Bethesda, MD, 

USA). 

2.10 Immunostaining Quantifications 

2.10.1 OC and ALP, Explant, and MMA Analysis 

Immunofluorescent images were quantified using ImageJ. Briefly, images 

were converted to 8 bits, and the threshold was then adjusted to the 2nd or negative 

control to eliminate nonspecific staining. Once converted, the images were black and 

white, which made it easier to calculate pixel intensity. Pixel intensity was calculated 

through the measure function of ImageJ and was averaged for BMP2-stimulated, 

CK2.3-stimulated, and US cells. Fluorescent staining intensity has been shown to be 

equivalent to the pixel intensity measured in ImageJ (NIH, Bethesda, MD, USA)(182). 
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2.10.2 BMPRIa and CK2α Analysis 

Immunofluorescent images were quantified using ImageJ. Briefly, images 

were converted to 8 bits, and a threshold was used to adjust the images to the 2nd 

control. Total area of the stain was quantified using the “Analyze Particles” function 

of ImageJ (NIH, Bethesda, MD, USA) in order to measure the total amount of protein 

expressed.  

2.10.3 pERK/ERK; pSMAD/SMAD; and, Cell Population Analysis 

The total area of the stain was quantified as outlined above. Cells were counted 

when stained with specific proteins, and then divided by the number of cells in an 

image. The number of cells stained was then converted into a percentage and plotted 

to compare the number of cells expressing that specific protein.  

2.10.4 pERK/CK2α and pSMAD/CK2α Colocalization Analysis 

Immunofluorescence images were quantified for colocalization using ImageJ. 

Briefly images stained solely for pERK or pSMAD (green) and stained solely for 

CK2α (red) were converted to 8 bit. Background pixel intensity was measured using 

the “Measure” function, and was subtracted from the images using the “Subtract 

Background” function. The “Coloc 2” function of ImageJ was used, pERK or pSMAD 

was always assigned Channel 1 and CK2α was always assigned Channel 2. No ROI 

was selected since only the zoom10 images were used to quantify colocalization. The 

following parameters were used to quantify the degree of pixel colocalization: Costes 

threshold regression, Manders correlation, Ncoloc (or the number of pixels colocalized 

with one another), the point spread function (PSF) was set to 50, and Costes 

randomization was set to 10. The values reported here were the average Ncoloc per 

image set, Manders 1, and Manders 2. Ncoloc was averaged and is displayed in the 



 62 

graph. The Manders coefficients are represented in the table. The Manders coefficients 

represent how much green (or pERK or pSMAD) colocalized with the red (CK2a), 

and how much red colocalized with the green, which signify Manders 1 and Manders 

2, respectively.  The closer the Manders coefficient is to 1, the more pixel to pixel 

colocalization is reported(183).  

2.11 Von Kossa Assay 

Cells used for these experiments were from five female OA patients aged 54-

66 and five female OP patients, aged 82-95. Once cells from both patient populations 

were grown to confluency in a T25 flask, they were split onto a 24-well plated at the 

same seeding density of 1 × 105 cells/cm2. Once 90% confluent, cells were serum-

starved overnight and treated with either 100 nM CK2.3 or 40 nM BMP2 or left 

unstimulated (control). This was done concomitantly with the ALP/OC 

immunofluorescent population analysis. These concentrations were determined to be 

optimal for promoting osteogenesis (97). After five days, the assay was conducted as 

previously described (97). Briefly, cells were washed with 1X PBS, fixed with 4.4% 

(w/v) paraformaldehyde (PFA)(Acros, Fair Lawn, NJ) for 15 minutes, and assayed 

using 5% (w/v) silver nitrate (Sigma Aldrich, St. Louis, MO, USA) solution in order 

to determine phosphate deposits or mineralization. Ten images were taken of each 

well and quantified using ImageJ (NIH, Bethesda, MD, USA). Images were converted 

to 8 bits, and a threshold was set to the control and subsequently used for all 

treatments within an individual experiment. The surface area stained with silver (and 

represented mineralization) was quantified using the “Analyzing Particles” function of 

ImageJ (NIH, Bethesda, MD, USA). 
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2.12 Lysate Collection 

Whole cell lysates were collected from five female OP patients aged 60-92. 

Cells were plated on a 6 well plate at a density of 1 × 105 cells/cm2. Once 90% 

confluent, the cells were serum starved overnight and treated with either 40 nM 

BMP2, 100 nM CK2.3 or left US for five days. On the fifth day cells were washed 

with ice cold IX PBS and incubated with lysis buffer (containing 10 mM Tris pH 7.5, 

50 mM NaCl, 1% Triton X-100, 60 mM octyl glucoside, 1 mM PMSF, 10 mg/mL 

each of leupeptin, aprotinin, soybean trypsin inhibitor, benzamidine-HCl, pepstatin, 

and antipain) for 1 hour, as previously described(26). Cells were then sonicated (30s, 

two times) and centrifuged at 14,000 G for 20 minutes to remove cellular debris. 

Protein concentrations were determined using a Promega Glomax plate reader 

following manufacturers protocols (Pierce™ BCA protein Assay Kit, Thermo Fischer, 

Waltham, MA). 

2.13 Western Blot 

Once protein concentration was determined, samples were normalized and 

loaded into a 12.5% SDS-Polyacrylamide gel. The gel was run for 90 minutes at 90V 

and then the protein extracts were transferred onto presoaked PVDF (Sigma-Aldrich, 

St. Louis, MO) membrane for one hour at 15V using a semi-dry transfer (BioRad, 

Hercules, CA). Once the protein had fully transferred, the membrane was blocked 

using 5%BSA in 1X PBST(PBS with 1% Tween (Sigma Aldrich, St. Louis, MO)) 

solution for one hour at RT. The membrane was then incubated with primary 

antibodies overnight at 4°C. Primary antibodies included: pSMAD 1/5 (Rabbit 

polyclonal IgG, Cell Signaling, Danvers, MA), SMAD (Rabbit polyclonal IgG, Santa 

Cruz Biotechnology, Dallas, TX), pERK (Mouse monoclonal IgG, Santa Cruz 
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Biotechnology, Dallas, TX), ERK (Rabbit polyclonal antibody, Cell Signaling, 

Danvers, MA), and β-actin (Rabbit polyclonal IgG, Proteintech, Chicago, IL). The 

membrane was then washed three times with 1X PBST for 15 minutes each. It was 

then incubated with secondary antibodies conjugated to horseradish peroxidase (HRP) 

for one hour at RT. Secondary antibodies included: Goat anti rabbit IgG-HRP 

(Abcam, Cambridge, UK) and rabbit anti mouse IgG-HRP (Abcam, Cambridge, UK). 

The membrane was again washed three time with 1X PBST for 15 minutes each. The 

membrane was then incubated with Chemiluminescence FemtoMAX™ Super 

Sensitive HRP Substrate (Rockland, Gilbertsville, PA) for two and a half minutes. 

Chemiluminescence was detected using a ChemiDoc (BioRad, Hercules, CA). 

2.14 RNA Collection 

RNA was collected from three female OP patients aged 76-92. Cells were 

plated in a six well plate at a density of 1 × 105 cells/cm2. Once 90% confluent, the 

cells were serum starved overnight and treated with either 40 nM BMP2, 100 nM 

CK2.3, or left US for five days. On the fifth day the cells were washed with 1X PBS 

and 300 µL of TRIzol™ (Invitrogen, Carlsbad, CA) solution was added to each well. 

The lysate was pipetted up and down in the solution and then aliquoted into fresh 

centrifuge tubes. Chloroform (Fischer Scientific, Waltham, MA) was added to each 

tube, mixed well, and then incubated for ten minutes at RT. The samples were 

centrifuged for 15 minutes at 12,000 G at 4°C, which separates the solution into two 

phases: a top aqueous phase containing the RNA and a bottom phenol/chloroform 

phase. The top aqueous phase was removed and aliquoted into fresh centrifuge tubes. 

Isopropanol (Fischer Scientific, Waltham, MA) was added to each tube, and incubated 

for ten minutes at RT. They were then centrifuged for ten minutes at 12,000 G at 4°C, 



 65 

which precipitates the RNA into a pellet. The supernatant was removed and the pellet 

was washed two times with 75% Ethanol (Fischer Scientific, Waltham, MA), 

vortexing between washes, and the pellet was then air dried for ten minutes at RT. The 

RNA was then re-suspended in 100 µL of RNase free water (Fischer Scientific, 

Waltham, MA). 

2.15 Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

Two step RT-PCR was performed with 2µg of RNA obtained and using a high 

capacity cDNA reverse transcription kit. In the second step the obtained cDNA was 

amplified through PCR using specific primers (Integrated DNA Technologies, 

Coralville, IA). The primer sequences used are as follows (1) BMPRIa (forward) CAG 

CCT CCA GAC TCA CAG CAT (reverse) CGA GAC CCA TGA CTT AAG G. GAPDH 

was used as the housekeeping gene, its primer sequences were (forward) CAT GGC 

CTT CCG TGT TCC TA (reverse) CCT GCT TCA CCA CCT TCT TGA T. The primer 

sequences have been used and verified in several publications(165, 184). The RT-

qPCR used Fast SYBR™ Green Master Mix per the manufacturer’s protocols 

(Thermo Fischer, Waltham, MA). Fold change in mRNA expression was processed 

using procedures outlined previously(185).  

2.16 Statistical Analysis 

BMD data were analyzed through linear regression analysis, and outliers were 

removed through Chauvenet’s criterion. von Kossa, immunostaining, western blot 

quanitification, and RT-PCR data were analyzed through an ANOVA with a Tukey–

Kramer post hoc test. Outliers were removed through Chauvenet’s criterion, and error 

bars depict standard error of the mean. 
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RESULTS 

3.1 Femoral Head BMD and TMD Measurements from OP and OA Patients 

SPA was used to measure BMD instead of micro CT due to time and cost 

constraints. To verify if our calculated BMD data was representative of our samples, 

Tissue Mineral Density (TMD) was calculated from the femoral neck of femoral heads 

from OP patients. Ten female OP patients TMD and BMD values were calculated and 

used, aged 56-86. TMD was determined through a microCT scan and all 

measurements are in mm Hg/cm (millimeters of mercury/centimeters). The TMD 

values were compared to the BMD values of the same patients and a positive 

correlation was observed (Figure 3.1a).  

I obtained radiographs of each femoral head extracted from OA patients. 

Representative radiographs are shown in Figure 3.1b. The BMD of 25 female OA 

patients were analyzed and quantified. No decrease or increase of BMD was observed 

(Figure 3.1c). Therefore, I found no correlation between age and BMD in POA. I 

obtained 42 femoral heads from POP. They were X-rayed and their bone density was 

quantified. I found a negative correlation between age and BMD in POP. 

Representative radiographs are shown in Figure 3.1d and a graph of the BMD verse 

age can be seen in Figure 3.1e. This confirms that the femoral heads were 

osteoporotic.(186) 

Chapter 3 
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Figure 3.1. TMD measurements were calculated to determine and validate the BMD 

measurements and the corresponding trends observed. (a) A positive 

correlation was observed when comparing the microCT computed TMD 

measurements to the BMD measurements. Ten randomized femoral 

necks from OP patients were scanned through microCT in order to 

generate the computed TMD measurements. These measurements were 

then directly compared with the corresponding BMD measurements to 

validate any potentials trends between BMD and age. (b) X-ray images of 

three control extracted femoral heads. All patients were female and their 

age is labeled. X-rays were taken down the mid sagittal plane and a 

penny was used to verify consistency in distance between the handheld 

X–ray and specimen. (c) This was completed through Single Photon 

Absorptiometry (SPA), which utilizes a single-energy photon beam that 

passes through the bone to a detector, to quantify the patient’s respective 

BMD. Femoral heads from 18 female OA patients were X-rayed, and 

their BMD was quantified. The data was then plotted and compared to 

increasing age and trends were observed. (d) Radiographs of three OP 

female’s extracted femoral heads (age is labeled). (e) Extracted femoral 

heads from 35 female patients diagnosed with OP were X-rayed, and 

their BMD was quantified using SPA.  

 

3.2 Successful Primary Cell Isolation and Culturing Method from Human 

Femoral Heads 

Once the femoral head diagnosis was reaffirmed through X-ray and CTscans, 

mature osteoblasts were isolated. The human femoral heads were collected from 

Christiana Care Hospital in Newark, DE 48 hours post extraction (post hip 

arthroplasty surgery). They were collected from patients diagnosed with OP or OA. In 

a sterile cell culture environment, the femoral heads were sawed down the midsagittal 

plane, and fragments of trabecular bone were removed using nose pliers and were 

digested in a collagenase solution for two days at 37°C. After two days, the cellular 

suspension was strained and centrifuged. The pellet was re-suspended in fresh media 
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and plated in a culture flask. Plated cells were allowed to adhere to the flask for seven 

days without a media change. Subsequent media changes were conducted every four 

days. A schematic representing the cellular extraction process is shown in Figure 

3.2.(186)  

 

Figure 3.2. Primary cell extraction diagram. Schematic showing the steps involved in 

isolating primary osteoblasts from human femoral heads.  

3.3 Cells Isolated from Digested Trabecular Bone Fragments Stain Positive for 

Active Osteoblast Markers 

Most human, primary cell work in the bone field uses MSCs rather than mature 

bone cells. This is because MSCs are extremely easy to isolate, grow, and have a 

faster doubling time – thus a faster experimental turnaround time. There are some 

caveats to using strictly MSCs. Since they are being grown and differentiated in vitro 

there could be some discrepancies between how the cells react in culture, verse how 
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they would have reacted in vivo(187). Isolating and extracting mature osteoblasts is 

extremely time consuming and difficult, however, working with mature osteoblasts is 

more rewarding as it is more indicative of osteoblasts response in vivo(188). Mature 

osteoblasts phenotype were confirmed through fluorescently staining for osteoblast 

specific markers, ALP and OC. ALP is an early stage osteoblast marker, and OC is a 

late stage osteoblast marker. The primary cells were stained positive for both markers, 

(except the negative controls, or 2nd control), which can be seen in Figure 3.3. This 

confirmed that approximately 90% or more positively stained cells were osteoblasts 

and that mature osteoblasts were isolated from the femoral heads(186). 

 

Figure 3.3. Osteoblast phenotype confirmed in isolated cells. Extracted cells were 

stained fluorescently for two osteoblast markers, ALP and OC. 

3.4 Higher Basal Mineralization in OA Patient Cells when Compared with OP 

Patient Cells 

Osteoblasts isolated from OA patients have a decreased mineralization when 

compared to cells isolated from normal patients. However, upon BMP2 stimulation the 

mineralization is shown to increase in OA osteoblasts, albeit not more than normal 

isolated osteoblasts [25]. I wanted to observe the mineralization potential of control or 

US cells from both the OA and OP populations. This was completed through a von 
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Kossa mineralization assay. The cells isolated from patients diagnosed with OA (aged 

54-66) had a significant amount of mineralization deposits when compared with the 

cells isolated from patients diagnosed with OP (aged 60-82), seen in Figure 3.4. These 

data indicate that OA cells had a significantly higher basal mineralization level when 

compared to OP cells and suggested that they have different mineralization responses 

to BMP2(186). 

 

Figure 3.4. Basal level mineralization is higher in cells extracted from OA patients 

than OP patients. A von Kossa assay was used to determine 

mineralization potential between the two skeletal disease populations. 

Error bars represent standard error of the mean (SEM).  
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3.5 Cells from OP Patients do not Respond to BMP2 Stimulation 

C2C12 cells, primary BMSCs and primary murine osteoblasts respond to 

BMP2 stimulation by increasing their mineralization [24]. However, these are all cells 

from mice, and it is unclear if mature human osteoblasts would have a similar 

response. A von Kossa assay was performed on the osteoblasts extracted from five 

female patients diagnosed with OA (aged 54-66) and five female patients diagnosed 

with OP (aged 60-80), to assess mineralization. The cells isolated from OA patients 

responded significantly when stimulated with BMP2 (Figure 3.5a), while OP cells 

showed no mineralization response with BMP2 stimulation when compared to the 

control (Figure 3.5b). This indicates a possible signaling disparity within the BMP 

pathway in cells extracted from OP patients(186). 
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Figure 3.5. Cells isolated from OP patients do not mineralize in response to BMP2 

stimulation. Mineralization was again assessed through a von Kossa 

assay. (A) Cells extracted from five female OA patients were analyzed 

and responded significantly to BMP2 stimulation when compared to US 

cells. (B) Cells extracted from five female OP patients were analyzed and 

showed no mineralization response when compared to the unstimulated 

(p<0.05). Error bars represent SEM.  

3.6 Cells from Both OA and OP Patients Increase Mineralization in Response 

to CK2.3 Stimulation 

A von Kossa assay was performed on the extracted osteoblasts from the same 

five female OA patients and cells extracted from five female OP patients to assess 

mineralization potential. The cells isolated from both significantly responded to CK2.3 

stimulation (Figure 3.6a and b). CK2.3 has been shown to increase mineralization 

significantly in C2C12 cells, BMSCs, primary osteoblasts isolated from rodents [24], 
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and now primary osteoblasts from cells extracted from both OA and OP patients. 

While only cells extracted from OA patients responded to BMP2 stimulation, both cell 

populations responded to CK2.3 stimulation, showing that CK2.3 has an advantage 

over BMP2 by increasing osteoblast activity in OP cells(186). 

 

Figure 3.6. Cells isolated from both OA and OP patients increase their mineralization 

response to CK2.3 stimulation. (A) Cells extracted from five female OA 

patients were analyzed and significantly responded to CK2.3 stimulation 

when compared to US or control cells. (B) Cells extracted from five 

female OP patients were analyzed, and they significantly responded to 

CK2.3 treatment when compared to US or control cells. (p<0.05). Error 

bars represent SEM.  
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3.7 CK2.3 Increases Expression of Osteoblast Specific Marker in OP Cells from 

Patients 

In order to observe the effects of BMP2 and CK2.3 stimulation on osteoblast 

expression in the cell population extracted from human femoral heads, three female 

OP patient cells (aged 60-80) were stained fluorescently for the osteoblast markers, 

ALP (red) and OC (green) as well as for the nucleus (blue). In all treatments, including 

control (or US), cells stained positive for both markers, (except the negative controls, 

which were only stained with the secondary antibody), which can be seen in Figure 

3.7a. Cells also were counted for visible OC stain, ALP stain, both, or no stain (NS) in 

order to confirm equal seeding and population density. This was completed for cells 

stimulated with BMP2, CK2.3 or cells left US (control). The counts were divided by 

the nuclei count and multiplied by 100 to determine each stains population percentage 

(Figure 3.7b). Lastly, the intensity of the stains was quantified using ImageJ to 

determine whether treatments induced a stronger expression of OC or ALP. CK2.3 

had significantly higher intensities of both OC and ALP (Figure 3.7c) when compared 

to control and BMP2 stimulated cells. This is indicative of increased osteoblast 

activity and differentiation when compared to BMP2 stimulation(186). 
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Figure 3.7. CK2.3 stimulation increases expression of both OC and ALP in primary 

human osteoblasts from OP patients. (A) Cells were stained fluorescently 

for the presence of osteoblast markers after treatment with BMP2, 

CK2.3, or left US. (B) Cells stained for OC, ALP, or both were counted 

and then divided by the total number of nuclei to obtain a stained cell 

percentage. All treatments resulted in an osteoblast phenotype. (C) The 

intensity of OC, ALP, or both were calculated through the “Color 

Histogram” function of ImageJ. CK2.3 had a significantly increased 

intensity of both OC and ALP when compared to BMP2 and control 

(p<0.05). Error bars represent SEM.  
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3.8 Trabecular Bone Explants as a Viable Bone Model System 

I wanted to explore further how the native bone tissue reacted to stimulations 

with BMP2 and CK2.3, and to accomplish this I utilized an explant model. Explant 

models are beneficial models because you are employing the organ of interest and 

investigating the effects of stimulations or treatments on the native organ(189). It is 

important to note that OA patients will be referred to as control patients from herein, 

due to their positive and expected response to BMP2 stimulation (Figure 3.4a). To 

prep our samples for an explant study, the femoral heads (from both control and OP 

patients) were again cut down the midsagittal plane and the area of interest is indicated 

in Figure 3.8a. Control explants for the subsequent studies were isolated from patients 

aged 54-66 years old. OP explants were isolated from patients aged 79-87 years old. 

Bone fragments were fixed and stained for Calcein red-orange and Hoechst to 

determine efficacy and viability of the cells within the bone, and to test the model as a 

whole, Figure 3.8c. Calcein stains viable cells, while Hoechst is a nuclear stain that 

stains both live and dead cells. The bone fragments were imaged using confocal 

microscopy and the percent viability of the cells were determined. In both control and 

OP bone fragments, in all stimulations, cell viability was over 80%. This shows the 

efficacy of the trabecular bone model. 
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Figure 3.8. (A) A schematic representing how femoral heads were sliced down the 

midsagittal plane, and what region of interest was used for both the 

MMA experiments and the explant experiments. (B) Diagram showing 

the explant experimental set up. The trabecular bone fragment was 

removed from the femoral head, washed with PBS incubated with 

antibiotics/antimycotics for 10 minutes. The fragments were placed in a 

six well plate (one fragment per well) with DMEM. They were 

stimulated as designated for five days, following which they were either 

stained for cell viability and imaged or they were fixed with 4.4% PFA, 

fluorescently stained and then imaged. (C) Cell viability was assessed 

through a Calcein and Hoescht stain, and viable cells were counted. 

Under all stimulations and conditions cells were 80% or more viable 

within the explants. Error bars represent SEM.  
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3.9 BMP2 Stimulation Decreases OC and ALP Expression in OP Bone Explants 

when Compared to Control Explants 

Once the explant model methodology was verified to be viable, I wanted to 

further validate its authenticity. Previously, I showed that primary osteoblasts isolated 

from OP patients had decreased expression of the osteoblast specific markers OC and 

ALP when stimulated with BMP2(158). I conducted the same study, except I used the 

explant model and included control patients as a comparison. The explants were 

stimulated with BMP2, CK2.3, or left US for five days. After the fifth day the explants 

were fixed in PFA and fluorescently labeled for OC (green) and ALP (red), Figure 

3.9a and 3.9c. Representative images can be seen in Figures 3.9b and 3.9d, 

respectively. Again, BMP2 stimulation significantly decreased fluorescence of both 

OC and ALP in OP patients. However, CK2.3 significantly increased fluorescence of 

OC and ALP when compared to both BMP2 and US. Both BMP2 and CK2.3 

significantly increased fluorescence of OC and ALP over US in control patients. This 

shows the validity of the trabecular bone explant model. 
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Figure 3.9. Explants from OP and control patients were prepared and stimulated with 

BMP2, CK2.3, or left US. After the fifth day the explants were fixed and 

stained for OC (green), ALP (red), and the nucleus (blue). (A) Control 

and OP explants stimulated with CK2.3 significantly increased 

expression of OC when compared to US and BMP2 stimulation. OP 

explants stimulated with BMP2 significantly decreased expression of 

OC. (B) Representative 2D images depicting the nuclear stain with the 

OC stain. (C) Both control and OP explants stimulated with CK2.3 

significantly increased expression of ALP when compared to control and 

BMP2 stimulation. BMP2 stimulation significantly decreased ALP 

expression in both control and OP explants. (D) Representative 2D 

images depicting the nuclear stain overlay with the ALP stain. (p<0.05) 

Error bars represent SEM.  
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3.10 Increased Basal levels of BMPRIa and CK2α in Embedded Trabecular 

Bone Slices from OP patients 

Due to the lack of BMP2 response previously shown in cells extracted from 

OP patients, receptor levels were investigated. Human femoral heads isolated from 

female patients diagnosed with OP, as well as control were again used. The specimens 

were preserved in 10% NBF solution within 48 hours of extraction. The samples were 

then cut down the midsagittal plane, and a 2mm bone fragment was removed and 

embedded in MMA to protect the normal integrity of the bone microenvironment. 

Other embedding methods, such as paraffin embedding, require bone demineralization 

before embedding, remove meaningful and important parameters when investigating 

skeletal based diseases, like OP(179). The embedded bone fragments were stained for 

BMPRIa (green) and CK2α (red), and increased fluorescence levels of both proteins 

were observed in the OP specimens, Figure 3.10. OP patients had significantly 

increased fluorescence of both BMPRIa and CK2α, when compared to control. This 

further indicates a signaling disparity within the BMP pathway that needs to be 

investigated. 
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Figure 3.10. ) Female OP and OA (control) trabecular bone slices were embedded in 

MMA and stained fluorescently for BMPRIa (green), CK2α (red), and 

the nucleus (blue). OP BMPRIa and CK2α expression was significantly 

higher than the expression levels in control bone slices. (p<0.05) Error 

bars depict SEM. 

3.11 BMP2 Stimulation Decreases Expression of BMPRIa and CK2α in Explants 

Derived from OP Patients 

The bone explant model was again utilized to study BMPRIa and CK2α 

expression after BMP2 and CK2.3 stimulation. Femoral heads from both control and 

OP samples were used and after the fifth day, once fixed, the samples were labeled 

fluorescently for BMPRIa (green) and CK2α(red). Representative images can be seen 

below each graph. In control samples there was a significant increase in BMPRIa 

fluorescence after both BMP2 and CK2.3 stimulation when compared to US, Figure 

3.11a. In OP samples there was a significant decrease in BMPRIa fluorescence after 

BMP2 stimulation when compared to US and CK2.3 stimulated samples, Figure 
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3.11b. The fluorescence of BMPRIa in US explants was higher in explants from OP 

patients, when compared to the explants from OA patients. CK2α fluorescence 

followed the same pattern. In control patients, CK2α was increased significantly after 

both BMP2 and CK2.3 stimulation when compared to US explants, Figure 3.11c. 

BMP2 stimulation significantly decreased CK2α fluorescence in OP explants, when 

compared to US and CK2.3 stimulation, Figure 3.11d. Furthermore, both BMPRIa and 

CK2α fluorescent levels in US explants were significantly increased in explants 

isolated from OP patients when compared to control patients. For example, the pixel 

intensity of BMPRIa was around 300 in control explants, but was double that at 600 in 

OP explants, Figure 3.11a and 3.11b.  This paralleled the response observed in the 

MMA trabecular bone slices, Figure 3.10, and further validates the experimental 

findings.  
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Figure 3.11. Trabecular bone slices were removed from isolated femoral heads. OP 

and control explants as described previously. Fixed explants were 

immunostained for BMPRIa (green), CK2α (red), and the nucleus (blue). 

(A) In control explants CK2.3 and BMP2 significantly increased 

BMPRIa expression when compared to US explants. (B) In OP explants, 

BMP2 significantly decreased BMPRIa expression when compared to 

CK2.3 and US explants. (C) In control explants, BMP2 and CK2.3 

significantly increased expression of CK2α when compared to US 

explants. (D) In OP explants, BMP2 stimulation significantly decreased 

expression of CK2α when compared to US and CK2.3 stimulated 

explants. (p<0.05). Error bars represent SEM. 
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3.12 BMPRIa and CK2α expression levels in osteoblasts from OP patients 

BMPRIa and CK2α expression levels were validated further in an in vitro 

model. Mature osteoblasts were isolated from five female OP patients (aged 60-87) as 

described previously. Cells were plated and stimulated with BMP2, CK2.3, or left US. 

After five days the cells were fixed and stained for BMPRIa (green), CK2α (red), and 

nucleus (blue). There was a significant increase in BMPRIa and CK2α fluorescence in 

CK2.3 stimulated cells when compared to BMP2 stimulation, Figure 3.12a and 3.12b. 

This paralleled the responses I had seen in both MMA embedded bone and the explant 

models. Next RNA was isolated from the cells and mRNA levels of BMPRIa and 

CK2α were detected through RT-PCR, Figure 3.12c. Again, BMP2 stimulation 

significantly decreased expression of BMPRIa when compared with US and CK2.3 

stimulated cells. It is important to note that both BMP2 and CK2.3 stimulation did not 

increase BMPRIa immunofluorescence or steady-state mRNA levels over US levels. 

However, US BMPRIa immunofluorescence from embedded bone fragments from OP 

patients are increased when compared with US BMPRIa immunofluorescence levels 

in embedded bone fragments from OA patients. This further indicates a potentially 

BMP2 induced signaling disruption in OP as it parallels the responses seen in the 

MMA trabecular bone slices (Figure 3.10) and the bone explants (Figure 3.11). Taken 

together this indicates a major dysregulation in receptor expression in OP patients.  
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Figure 3.12. Osteoblasts extracted from OP patients were stimulated with BMP2, 

CK2.3, or left US for five days. After the fifth day the cells were fixed 

and immunostained for BMPRIa (green), CK2α (red), and the nucleus 

(blue). (A) CK2.3 and US cells significantly increased expression of 

BMPRIa when compared to BMP2 stimulation. (B) BMP2 stimulation 

significantly decreased expression of CK2α when compared to CK2.3 

and US cells. (C) RNA was extracted from cells from OP patients after 

they were stimulated with BMP2, CK2.3, or left US for five days. BMP2 

significantly decreased BMPRIa mRNA expression when compared to 

US and CK2.3 stimulated cells. (p<0.05) Error bars represent SEM.  
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3.13 BMP2 stimulation significantly decreases expression of pERK in osteoblasts 

from OP patients 

Since BMP2 stimulation decreased expression of BMPRIa and CK2α, other 

downstream signaling proteins need to be investigated further to further elucidate 

where the BMP signaling disparity lies. The BMP2 signaling pathway is known to 

activate both SMAD signaling as well as SMAD independent signaling. SMAD 

independent signaling encompasses a variety of pathways, one of which is the ERK 

signaling pathway(55, 98). Therefore, mature osteoblasts isolated from five female OP 

patients (aged 60-87) were plated, grown, and stimulated with either BMP2, CK2.3 or 

left US. After the fifth day cells were immunostained for pERK (green), and the 

nucleus (blue), Figure 3.13a. Immunofluorescence of pERK, or activated ERK, was 

decreased significantly by BMP2 when compared to US and CK2.3 stimulated cells. 

These results were validated through immmunoblots. Briefly, patient cells were 

stimulated with BMP2, CK2.3 or left US for five days. On the fifth day whole cell 

lysates were collected, protein concentration was determined and normalized. Lysates 

were run on an SDS-PAGE gel, transferred to a PDVF membrane, and immunoblotted 

for pERK and β-actin. Protein expression of pERK was decreased signifcantly when 

compared to CK2.3 stimulated cells, Figure 3.13b. This indicates activated ERK 

signaling, or activated SMAD independent pathway, is disrupted in OP. 



 91 

 



 92 

 

 

 

Figure 3.13. Mature osteoblasts were extracted from OP patients and stimulated with 

BMP2, CK2.3 or were left US for five days. On the fifth day cells were 

fixed and fluorescently stained for pERK (green) and the nucleus (blue).  

(A) CK2.3 significantly increase in fluorescence when compared to 

BMP2 and US cells. BMP2 stimulation significantly decreased 

fluorescent intensity when compared to CK2.3 stimulated cells. (B) 

Lysates were also collected from extract osteoblasts from OP patients and 

run on an SDS-Page gel to separate the proteins. The separated proteins 

were then transferred onto an immunoblot and pERK and β-actin protein 

levels were detected. Expression was detected by western blot and 

quantified through densiometric analysis. CK2.3 significantly increased 

expression of pERK when compared with US and BMP2 stimulated 

cells. (p<0.05) Error bars represent SEM.  
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3.14 pSMAD expression remains unchanged in osteoblasts from OP patients 

Since ERK signaling was disrupted in OP patients, and is a part of SMAD 

independent signaling, SMAD dependent signaling also was investigated. Canonical 

SMAD signaling or SMAD dependent signaling is the most studied BMP signaling 

pathway(95, 96). The same five OP patient cells were stimulated with BMP2, CK2.3, 

or left US for five days. After the fifth day cells were immunolabeled for pSMAD 

(green), and the nucleus (blue), Figure 3.14a. While BMP2 stimulation seemed to 

decrease pSMAD (activated SMAD) fluorescent expression, it was not significant. 

These results were confirmed again through a western blot. The patient cells lysates 

were prepared as outlined above. Again, pSMAD expression did not change 

significantly under all stimulations, even though a slight decrease is observed 

following BMP2 stimulation Figure 3.14b. This indicates that the BMP signaling 

disparity is not within the SMAD dependent pathway. 
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Figure 3.14. Mature osteoblasts were extracted from OP patients and stimulated with 

BMP2, CK2.3 or were left US for five days. On the fifth day cells were 

fixed and immunostained for pSMAD (green) and the nucleus (blue).  

(A) pSMAD immunofluorescence remains unchanged under all 

stimulations, while BMP2 stimulation indicates a slight decrease in 

expression, this was not significant. (B) Lysates also were collected from 

osteoblasts from OP patients and run on an SDS-Page gel to separate the 

proteins. The separated proteins were then transferred onto an 

immunoblot and pSMAD and SMAD protein levels were detected. 

Expression levels were determined through densiometric analysis BMP2 

stimulation seems to decrease pSMAD expression, but this difference 

was not significant. Error bars represent SEM.  
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3.15 CK2 mediated colocalization with downstream BMP signaling proteins 

If the BMP signaling disparity is not within the SMAD dependent pathway 

(but within the SMAD independent pathway) a mechanism of action needs to be 

investigated. Previously, it was shown the CK2 can bind to and activate ERK, helping 

to mediate its translocation into the nucleus and thus induce its pro-osteogenic 

effects(119). Therefore, pERK and CK2α interaction was investigated further through 

a co-localization study. The same five OP patient cells were stimulated with BMP2, 

CK2.3, or left US for five days. On the fifth day cells were fixed with PFA and labeled 

immunofluorescently for pERK (green), CK2α (red), and the nucleus (blue). BMP2 

stimulation significantly decreased the number of pixel colocalization (Ncoloc) 

between pERK and CK2α when compared to both US and CK2.3 stimulated cells, 

Figure 3.15a. Representative images can be seen in Figure 3.15b, with a zoom 10 

images showing cytoplasmic colocalization and overlay between pERK and CK2α. 

CK2.3 stimulation significantly increased pERK and CK2α Ncoloc when compared to 

US and BMP2 stimulated cells. This indicates that not only does BMP2 stimulation 

decrease the occurrence of pERK and CK2α interacting together, but that CK2.3 

increases this interaction thus suggesting a potential mechanism of action for the novel 

peptide. As seen in Table 3.1, the Manders coefficients reported for CK2.3 stimulated 

cells are 0.843143 for Manders 1 and 0.769143 for Manders 2, indicating that 

increased pixel-pixel colocalization is observed. pSMAD and CK2α interaction was 

also investigated through a co-localization study. Patients cells were prepared as 

outlined above. They were labeled immunofluorescently for pSMAD (green), CK2α 

(red), and nucleus (blue), Figure 3.15c. Representative images can be seen in Figure 

3.15d. No significant Ncoloc was observed in all stimulations between pSMAD and 

CK2α, indicating that CK2 does not mediate the direct activation of SMAD in OP 
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patients. As seen in Table 3.2, the Manders coefficients reported are all similar, around 

0.8. This indicates that no increase or decrease in pixel-pixel colocalization was 

observed after stimulations with BMP2 or CK2.3. 
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Figure 3.15. Mature osteoblasts were extracted from OP patients and stimulated with 

either BMP2, CK2.3, or left US for five days. On the fifth day the cells 

were fixed and immunofluorescently stained for pERK or pSMAD 

(green) and CK2α (red). (A) Decreased colocalized pixels between pERK 

and CK2α were observed after BMP2 stimulation, while CK2.3 

stimulation significantly increased pixel colocalization. (B) 

Representative images with a zoom 10 panel showing enlarged portions 

of the cells’ cytoplasm. (C) Pixel colocalization remained constant 

between pSMAD and CK2α under all conditions. (D) Representative 

images with a zoom 10 panel showing enlarged portions of the cell’s 

cytoplasm. (p<0.05) Error bars represent SEM.  

Table 3.1 Manders Coefficients for pERK and CK2α 

 

Table 3.2 Manders Coefficients for pSMAD and CK2α 

 

3.16  Preliminary BMP2 and CK2.3 Mineralization Concentration Curves 

The BMP2 and CK2.3 concentrations used for all previous in vitro and in vivo 

work remained constant, as both have been shown to induce responses previously in 
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immortalized cell lines. However, this could explain the lack of response observed 

with BMP2 stimulation in the human OP cells. It is possible that the concentration of 

BMP2 used was too low and other concentrations needed to be further explored. 

Therefore, a von Kossa concentration curve was conducted on cells extracted from an 

OP patient after both various BMP2 and CK2.3 concentrations. The cells were 

stimulated with 25 nM, 40 nM, 100 nM, 200 nM, and 250 nM BMP2 or left US. 

While this experiment was conducted only in cells extracted from one patients, the 

trends observed indicate that even with an increase in BMP2 stimulation, OP cells do 

not mineralize in response to BMP2 stimulation, Figure 3.16a. It is important to note 

increased BMP2 concentration did overcome the mineralization suppression effect, by 

increasing mineralization back to US levels. A similar experiment was conducted with 

CK2.3, and the subsequent concentrations used were 50 nM, 75 nM, 100 nM, 200 nM, 

and 250 nM. Again, because this experiment was conducted only in cells extracted 

from one patients, significance could not be determined. However, the trends observed 

are interesting. With increasing CK2.3 concentration, there is an increase in 

mineralization when normalized to US cells, Figure 3.6b. More trials would need to be 

conducted in cells extracted from other OP patients to verify the trends observed. 

However, it is important to note that even with a drastic increase in BMP2 

concentration, the cells from OP patients do not respond, further indicating aberrant 

BMP signaling in OP patients.  
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Figure 3.16. Preliminary BMP2 and CK2.3 Concentration Curves. Cells extracted 

from a female 88-year-old OP patient were stimulated with the above 

designated concentrations of (A) BMP2 and (B) CK2.3 for five days. On 

the fifth day the cells were fixed in PFA and stained for mineralization 

through a von Kossa assay. This experiment needs to be completed again 

to verify the above trends observed. 
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DISCUSSION 

Bone is one of the most vital human organs. It protects, provides structure, 

support, locomotion, and mineral homeostasis to the human body. Continued 

maintenance of bone is critical for both structure and function(1). This maintenance is 

acquired through balanced activity of the cells involved in the bone remodeling cycle. 

The two major cell types responsible for maintaining bone are osteoblasts (bone 

forming cells) and osteoclasts (bone resorbing cells)(9). Dysregulation of this cycle 

lends itself to several bone diseases. The most common of these bone diseases in 

humans is OP, which occurs when there is too much osteoclast activity and too little 

osteoblast activity(6). This imbalance within the bone remodeling cycle leads to more 

porous or brittle bones that are susceptible to fractures. Bone fractures are extremely 

debilitating, and as OP is common in the older population where bone fractures are 

often life changing. While there are current therapeutics on the market to help treat 

OP, none of them are ideal as they produce several unwarranted side effects or can be 

taken only for a limited number of years(144). Currently, the best therapeutic option 

for OP is prevention, but this does not help those already diagnosed and struggling 

with this disease.  

There are two types of OP treatments: antiresorptive and anabolic. Many of the 

current therapeutics are antiresorptive because they focus on decreasing osteoclast 

activity. Therapeutics that target osteoblast activity are called anabolic treatments, and 

there are very few on the market. Both osteoblasts and osteoclasts communicate with 

Chapter 4 
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one another when in the bone microenvironment. Therefore, it is detrimental for 

therapeutics to target one cell type over the other. A lot of the aforementioned side 

effects often entail a dramatic increase or decrease in the opposite cell type(144). 

Therefore, there is a great need to develop better OP therapeutics that are both 

antiresorptive and anabolic. This becomes even more critical as the older population 

continues to increase(6). In order to find new effective treatments, the exact molecular 

mechanisms of OP need to be further investigated.  

BMP2 is a multipotent growth factor that is known to induce both osteoblasts 

and osteoclasts; therefore, it is a crucial factor to study when thinking about bone 

maintenance and OP. BMP2 has many uses in the clinic, in 2002 it was approved by 

the FDA for the healing of long bone fractures and spinal fusion surgeries. However, 

recently there has been some controversary surrounding the use of BMP2 itself in the 

clinic as many adverse side effects were reported(190). While BMP2 may not be an 

ideal therapeutic for OP, investigation of its signaling pathway is of interest since it 

can stimulate activity of the two major bone cells. Prolonged use of BMP2 has been 

linked to increased osteolysis or bone resorption therefore, it is not a viable treatment 

of OP(152, 190). Further research into the BMP pathway is of interest since it is 

known to activate and increase both osteoblast and osteoclast activity.  

Multiple discrepancies have been noted with BMP2 and the BMP pathway in 

patients diagnosed with OP. These include different polymorphisms of the BMP2 gene 

associated with osteoporotic parameters(156, 191) as well as a decrease in expression 

of key signaling proteins involved in BMP signaling (SMAD4, pSMAD1, pERK, 

RUNX2)(159). An interesting study was conducted in 2016 by Ehnert and colleagues 

that found that 30.9% of 110 total bone donors did not respond to BMP2 stimulation. 
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They also found that osteoblasts extracted from the bone specimens had high BAMBI 

expression and very low SOST expression. It is important to note that this particular 

study did not look into what skeletal diseases the donors had, and therefore it is hard to 

determine whether or not the population of individuals that did not respond to BMP2 

stimulation had OP(166). However, several research groups have cited the decrease in 

BMP2 response in OP MSCs when assessed for mRNA expression of key osteogenic 

markers (like RUNX2, COL1A1, ALP, and OC)(162, 163). Additionally, MSC’s 

derived from OP patients had significantly increased levels of BMPRIa when 

compared to control patients, pointing to a possible receptor distribution or recycling 

issue as a potential cause of aberrant BMP signaling(165). This increases interest in 

investigating this signaling pathway, not only for the development of new 

therapeutics, but to better understand the underlying molecular mechanisms leading to 

OP. Additionally, the Nohe lab has developed and discovered a novel peptide, CK2.3, 

that also utilizes the BMP signaling pathway in order to induce its signaling cascades 

(SMAD dependent and SMAD independent signaling). The Nohe lab has previously 

shown CK2.3’s efficacy in multiple cell and animal models with its pro-osteoblast and 

anti-osteoclast effects(73, 97, 115-118). The effect of CK2.3 on cells extracted from 

OP patients had not been studied. My project was to investigate how cells extracted 

from OP and OA patients responded to CK2.3 stimulation, as well as BMP2 

stimulation. I was interested in the mature osteoblast’s response to both CK2.3 and 

BMP2 stimulation because there is not a lot of current research available on mature 

osteoblasts directly isolated from human patients. Most research focuses on BMSCs 

because they are easy to isolate and culture. Mature osteoblasts require several weeks 
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of culture before they are ready for plating and fixation, which makes this project 

novel. 

For my project, I collected femoral heads from Christiana Care Hospital in 

Newark, DE after the patients underwent hip arthroplasty surgery. Before studying the 

direct effect of CK2.3 and BMP2 on cells extracted from femoral heads of OP and OA 

patients, the BMD of the femoral heads needed to be determined in order to confirm 

that the bone tissue localized within was osteoporotic or osteoarthritic. The BMD of 

the femoral heads was obtained through single photon absorptiometry (SPA), where a 

single light beam passes through the sample and onto a detector. The resulting 

radiographs were assessed in ImageJ to determine their BMD. Once determined these 

values were compared to TMD values, which were generated using microCT. This 

was done to determine the efficacy of determining BMD through SPA. There was a 

significant positive correlation between the TMD measurements and the BMD 

measurements, which can be seen in Figure 3.2a. The BMD remains unchanged in OA 

patients and decreases significantly in OP patients, as seen in Figure 3.2c and 3.2e, 

respectively. Representative radiographs can be seen in Figure 3.2b and 3.2d. Current 

research confirms that as the age of the patients increases, their BMD decreases, but 

OP patients had lower BMD when compared with OA patients(192). Ten years after 

menopause the BMD of women is three times less than what it was prior to 

menopause. The average age for a woman to undergo menopause is 51, meaning that 

the average age of lower BMD would be around 61(6). We found that around 60-70 

years of age BMD decreases(192)(192)(192)(192)(192)(192)(192)(191)(190). 

Determining BMD helped confirm the extracted femoral heads were osteoporotic or 

osteoarthritic. We selected femoral heads closest to the trendline from the quantified 
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BMD where mature osteoblasts would be extracted for further investigation. In order 

to determine and confirm that the cells extracted from the femoral heads were indeed 

osteoblasts, the cells were stained immunofluorescently for two osteoblast markers, 

OC (green) and ALP (red), which can be seen in Figure 3.3. The positive staining for 

both in US cells confirmed I had successfully isolated a 99% pure and mature 

osteoblast culture from the femoral heads. While the proliferation rates of the 

extracted cells varied from patient to patient, analyzing their extracted osteoblasts’ 

response to CK2.3 and BMP2 stimulation as it can lead to further understanding the 

molecular causes of OP.  

Next, the extracted cells were assessed for mineralization using a Von Kossa 

assay. A Von Kossa assay was used because it measures and stains phosphate 

deposits. Phosphate is an important and prominent component of bone, which allows 

for a functional in vitro test to determine if bone formation is occurring(193). 

Osteoblasts from both OP and OA patients were assessed after stimulation with 

BMP2, CK2.3 or left US. However, prior to assessing mineralization after subsequent 

stimulation, the basal level mineralization potential was determined between both OP 

and OA cells. Cells extracted from OA patients had a significantly higher basal 

mineralization levels, when compared to cells extracted from OP patients, Figure 3.4. 

This was expected, as OP is a debilitating bone disease caused by a decrease in 

osteoblast activity, or bone formation and subsequent mineralization. We next wanted 

to determine the effect of both BMP2 and CK2.3 on cells isolated from OP and OA 

patients. CK2.3 already has been shown to increase mineralization in C2C12 cells and 

primary murine cells(116, 117). Cells extracted from OA patients and stimulated with 

BMP2 had significantly higher mineralization than US cells, Figure 3.5a. This 
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response mirrors previous results obtained from C2C12 cells, primary bovine cells, 

and primary murine cells. Interestingly, cells extracted from OP patients did not 

respond to BMP2 stimulation, Figure 3.5b. This mirrors previous results obtained 

from other research groups, where OP bone specimens, or cells did not respond to 

BMP2 stimulation, or have some type of dysregulation of the BMP signaling 

pathway(159, 165). Cells extracted from both skeletal diseases responded to CK2.3 

stimulation by significantly increasing mineralization when compared to US cells, 

Figure 3.6a and 3.6b. Further, when CK2.3 mineralization levels were compared with 

BMP2 mineralization levels, CK2.3 had slightly elevated mineralization over BMP2. 

This difference was not statistically significant in cells extracted from OA patients, 

however CK2.3 significantly increased mineralization over BMP2 and US cells in 

cells extracted from OP patients. This shows a potential signaling bias occurring 

within the BMP pathway, since cells from OP patients did not respond to BMP2 

stimulation but did respond to CK2.3 stimulation. CK2.3 acts through the BMP 

pathway; however, its exact method of action is unknown.   

To further investigate this disparity cells were labeled immunofluorescently for 

osteoblast specific markers, OC (green) and ALP (red) to determine whether or not 

BMP2 and CK2.3 stimulated cells were active osteoblasts. With this experiment in 

particular, I was investigating the fluorescent intensity or fluorescent expression of OC 

and ALP as it relates to osteoblast activity. Additionally, I wanted to determine 

whether or not BMP2 or CK2.3 would increase or decrease the relative intensity of 

those same markers. CK2.3 significantly increased expression of the osteoblast 

markers ALP and OC when compared to US and BMP2 stimulated cells, as seen in 

Figure 3.7a. Cells were assessed for percentage stained for a specific biomarker’s 
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staining intensity, in order to verify that all stimulations still retained the osteoblast 

phenotype. The cell population was determined to be uniform throughout stimulations, 

meaning at least 60% of cells were positively stained for OC, ALP, or both, Figure 

3.7b. This indicates that the cells stained had maintained their osteoblasts phenotype, 

even under BMP2 stimulation. However, when assessing the stained cells for pixel or 

fluorescent intensity, OP cells did not increase expression of the osteoblast biomarkers 

after BMP2 stimulation. CK2.3, however, significantly increased staining expression 

of ALP and OC, further illustrating the effectiveness of CK2.3 in activating and 

increasing expression of osteoblasts, Figure 3.7c. This further indicates a potential 

disruption in BMP2 mediated signaling. It is important to note that CK2.3 is 

hypothesized to bind to the interacting protein CK2 and inhibit its binding to a specific 

phosphorylation site on BMPRIa, while BMP2 needs both receptors to elicit its 

osteogenic response. How those receptors are localized and activated subsequently 

decides the activated signaling cascade(101). CK2.3 induced a mineralization response 

in both sets of extracted cells, while BMP2 only induced a mineralization response in 

the OA population, which is the population whose BMD did not decrease with 

increasing age. CK2.3 acts through the BMP pathway and it has been shown to induce 

mineralization when BMP2 did not, further increasing interest as a potential OP 

therapeutic and further illustrating a signaling bias in the BMP pathway in those 

diagnosed with OP.  

BMP2 is approved for fracture healing for osteoporotic patients by the FDA. 

However recently, it has been shown that prolonged treatment of BMP2 decreased OP 

patients BMD(190). Here I show that the BMD of OP patients decreased significantly 

in correlation with their increasing age. In addition, the cells isolated from OP patients 
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did not respond to BMP2 stimulation when assessed for mineralization. For BMP2 to 

elicit its mineralization response, it must bind to its two dimerized receptors (a type Ia 

and a type II receptor). BMP2 either will bind preferentially to the type 1 receptor and 

recruit the constituently active type II receptor or BMP2 will bind to an already 

dimerized complex of receptors (one type I and one type II)(116). The signaling 

pathways activated are dependent upon the location and dimerization of these 

receptors(70)  

Next, I investigated important signaling proteins in the BMP pathway to 

further elucidate this signaling disparity. I started at the receptor level, since the BMP 

receptors can be localized in different areas within the plasma membrane, and their 

location dictates the pathways activated(70). Additionally, previous research groups 

had discovered an upregulation in BMPRIa expression in OP patients MSCs and bone 

specimens when compared to control patients(165). Therefore, BMPRIa and CK2α 

expression was investigated in three different models, and all produced the same 

results. Prior to assessing BMPRIa and CK2α levels after BMP2 and CK2.3 

stimulation, basal level expression of these two key proteins was determined. To 

effectively study basal level expression of these two proteins, it is crucial to do so in a 

variety of models. First, I studied the expression in MMA embedded trabecular bone 

slices to study the native bone environment. MMA embedding was used because it 

does not require the decalcification process, like other embedding methods, and would 

be more indicative of protein expression levels in the bone microenvironment prior to 

treatments(179). Unfortunately, the OP patients and OA patients were not age 

matched, because I am reliant on the samples provided to me from Christiana Care.  

Moving forward with this project it would be important to age match the samples, as 
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variations in patient age could be a confounding variable when looking into BMP2 

response, as other labs have cited age related changes in BMP2 serum 

concentration(159, 160).  As seen in Figure 3.10, OP embedded bone slices had 

significantly higher basal expression of both BMPRIa and CK2α when compared to 

control bone slices, which coincides with the previous findings. While I am using the 

OA patients embedded bone samples as a control (because they responded positively 

to BMP2), I do expect the relative levels of BMPRIa and CK2α to be similar between 

OA and normal, healthy patients. This is because other research groups had found no 

change in BMPRIa (also known as Alk3) in normal patients. They did find that 

BMPRIb mRNA levels were extremely low in OP patients, and overexpression of 

BMPRIb did not change or alter BMP2 induced osteogenic potential (measured 

through ALP induction)(162). This further indicates the importance of studying 

BMPRIa levels in osteoblasts extracted from OP patients, to further determine if the 

BMP signaling disparity lies within type Ia receptor expression. It is important to note 

that those research groups only studied MSCs and not mature osteoblasts. 

Additionally, other research groups had discovered that BMPRIa levels were increased 

in ovarian cancer tissue, which increases interest in the BMP signaling pathway, as 

this could indicate dysregulation within the BMP pathway in other diseases(194).   

After utilizing the embedded bone samples, I next wanted to assess how both 

BMP2 and CK2.3 stimulation affected BMPRIa and CK2α levels. I still wanted to 

utilize the native bone environment, as cell culture can sometimes misrepresent what 

would be occurring naturally in the bone microenvironment. Therefore, in these 

experiments I utilized an ex vivo trabecular bone explant model. Explant models have 

been used more and more frequently because they allow for the study of target cells 
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within their native environment(195). It is important to note that there are some 

drawbacks regarding the use of trabecular bone explants. Bone tissue itself is naturally 

fluorescent, which makes studying fluorescent intensities of proteins difficult within 

the bone microenvironment(196). Additionally, there is sample to sample variability – 

some explants may be more viable then other explants, which is why it is important to 

keep parameters consistent between each experiment. Explants were generated, 

stimulated, and assessed all from the same femoral head from the same patient. Three 

OP femoral head explants and three control femoral head explants, each from three 

different patients were studied to correct for this possible discrepancy. I verified the 

legitimacy of the explant model by assessing cell viability and immunofluorescent 

validity through a confirmation study. As seen in Figure 3.8c, increased cell viability 

was observed in both OP and control explants under all stimulations, validating and 

verifying the efficacy of this explant model of study. I wanted to further verify that the 

explant model could be utilized to study immunofluorescent levels of proteins within 

the bone. To verify this, I isolated, cultured, stimulated, fixed, and stained the explants 

for the key osteoblast biomarkers, OC and ALP. As seen in Figure 3.9, both OC and 

ALP expression were significantly increased in explants from OP patients after CK2.3 

stimulation. BMP2 stimulation significantly decreased both osteogenic biomarkers 

expression when compared to US. This mirrors the previous in vitro study, where only 

CK2.3 significantly increased OC and ALP expression, while BMP2 decreased their 

expression. Interestingly, both BMP2 and CK2.3 significantly increased expression of 

OC and ALP in control patient explants when compared to US. This also increased the 

validity of using an explant model for studying immunofluorescence levels of proteins 

within the bone.  
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I again used the explant model to study the effect of BMPRIa and CK2α 

expression within the bone. Both BMPRIa and CK2α expression was significantly 

decreased under BMP2 stimulation in the OP models, when compared to CK2.3 and 

US explants, Figure 3.11. Additionally, control explants significantly responded to 

both BMP2 and CK2.3 stimulation through an increase in both BMPRIa expression 

and CK2α expression. It is important to note that the fluorescent intensity levels of 

both BMPRIa and CK2α is significantly increased in explants extracted from OP 

patients when compared to explants from control patients. This mirrors what was 

previously discovered in MSCs from OP patients as well as what I have previously 

shown in MMA embedded explants. Moreover, this again shows a decreased response 

to BMP2 in OP patients. 

BMPRIa and CK2α fluorescent expression was observed in extracted cells 

from OP patients after stimulation with either BMP2, CK2.3 or left US. BMP2 

significantly decreased fluorescent expression in both BMPRIa and CK2α when 

compared to US and CK2.3 stimulated cells, Figure 3.12a and 3.12b. Additionally, 

RNA was extracted from the patient derived osteoblasts and RT-PCR was conducted 

in order to asses steady-state RNA of BMPRIa following stimulation with either 

BMP2, CK2.3 or control (US). BMP2 significantly decreased steady-state mRNA 

expression of BMPRIa when compared with US and CK2.3 stimulations, Figure 3.12c. 

BMPRIa is a critical receptor in humans within the BMP pathway. BMP2 

preferentially binds to BMPRIa, and the signaling cascade is activated. Therefore, a 

decrease in expression after BMP2 stimulation is concerning and further indicates 

dysregulation of the BMP pathway.  
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Since receptor levels of BMPRIa are decreased following BMP2 stimulation, 

downstream BMP signaling pathways were investigated. Specifically, SMAD 

dependent signaling and SMAD independent signaling (or ERK signaling) were 

investigated through immunofluorescent staining and western blotting. It is important 

to note that in the following western blot figures I am showing the normalized pERK 

densiometric increase or decrease compared to β actin and not total ERK. My original 

intent was to compare pERK with total ERK, like I have with pSMAD and total 

SMAD. Unfortunately, due to the novel coronavirus and various lab shut-downs, I was 

unable to obtain a total ERK blot. This should be completed in the future in order to 

properly compare activated ERK levels with total ERK levels, as they are currently 

being compared with β actin, which is not a phosphorylated protein. Interestingly, 

SMAD dependent signaling (or BMP canonical signaling) remained unchanged in 

both experiments, Figure 3.14. Even while BMP2 stimulation seemed to slightly 

decrease expression of pSMAD (or activated SMAD) when compared to US and 

CK2.3 stimulated cells; this was not significant. Since SMAD signaling is the 

canonical BMP signaling pathway, BMP2 stimulation should have increased 

significantly activated SMAD expression. However, once again BMP2 stimulation did 

not induce a signaling response. Interestingly, activated ERK (or pERK) expression 

was decreased significantly after BMP2 stimulation, which indicates that SMAD 

independent signaling is altered in OP, Figure 3.13a. CK2.3 has been shown to act 

through the ERK signaling pathway in C2C12 cells, and it also significantly increased 

expression of pERK in cells isolated from patients diagnosed with OP, Figure 3.13b. 

This suggests that CK2.3 acts through the ERK pathway in humans as well, and that 



 116 

CK2.3 can rescue aberrant BMP signaling, however further investigation is required 

due to the aforementioned limitations. 

Recently, it has been discovered that pERK can colocalize with and become 

phosphorylated (activated) by CK2 (113)(119). These previous findings indicate that 

ERK is possibly another substrate of CK2, and CK2 may change or alter the 

specificity of ERK. Therefore, colocalization between CK2 and both pERK and 

pSMAD were investigated, since the exact mechanism of how CK2.3 mediates CK2 

activity or whether this colocalization occurs in human osteoblasts is unknown. Five 

female OP patient cells were fluorescently stained for pERK (green) or pSMAD 

(green), CK2α (red), and the nucleus (blue). The cells were stimulated with either 

BMP2, CK2.3, or left US. There was a significantly increased amount of pixel-pixel 

colocalization, or Ncoloc, observed between pERK and CK2, under CK2.3 stimulation 

when compared to both US and BMP2 stimulated cells, Figure 3.15a and 3.15b. In 

fact, BMP2 stimulation decreased the occurrence of pERK and CK2 colocalized 

pixels, which again suggests aberrant BMP signaling in osteoblasts extracted from OP 

patients. Additionally, the Manders coefficients reported in Table 3.1, show high 

values after CK2.3 stimulation, further indicating an increase in pixel-pixel 

colocalization. Manders coefficients are reported at Manders 1 and Manders 2. They 

refer to the amount of green pixels that colocalize with the red pixels, and the amount 

of red pixels that colocalize with the green pixels, respectively.  No significant 

differences were observed between pSMAD and CK2 Ncoloc (Figure 3.15c and 

3.15d). Interestingly, the Manders coefficients were all around the same value, about 

0.8. This indicates that BMP2 and CK2.3 stimulation do not affect the pixel-pixel 

colocalization, however, because the Manders coefficient value is relatively close to 1, 
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this indicates that pSMAD and CK2 may remain close within the same location/ or 

colocalize together in osteoblasts extracted from OP patients, but this needs to be 

further investigated and addressed. It is possible that pSMAD may be another CK2 

substrate, but this has not yet been reported in any cell line. It would seem as though 

CK2.3 is not mediating CK2 to directly interact with and activate the SMAD signaling 

pathway. All-together, this data highlights the importance of the ERK pathway, as 

well as CK2.3 mediated BMP signaling.  

It is important to note that there are several limitations to this study. The cells 

were assessed for protein interaction after five days of treatment, which is a long time 

when looking into signaling protein interactions. This experiment needs to be repeated 

as a time course study in order to determine at what time the two proteins are 

interacting or colocalizing together. After the time frame is determined, more involved 

binding assays need to be completed to further delineate the level of interaction or 

binding between the two proteins. There are other explanations for why cells extracted 

form OP patients are not responding to BMP2, but are responding to CK2.3. The BMP 

receptors could be further up or downregulated on the plasma membrane surface, 

which could interfere with ligand binding and subsequent downstream signaling 

activation. Additionally, lots of other research groups are looking into the recycling 

mechanisms of BMPR mediated endocytosis(106). It is known that once BMP2 binds 

to both receptors, they may be endocytosed and it is hypothesized that they are 

recycled back to the plasma membrane, but this exact mechanism is not known and 

deserves further investigation. 

Finally, preliminary work was completed regarding the effect differing 

concentrations of both BMP2 and CK2.3 on isolated human osteoblasts. Throughout 



 118 

the project, 40nM of BMP2 and 100 nM of CK2.3 were used, as both of these 

concentrations have been shown to induce osteogenic responses in cell lines as well as 

in vivo models(73, 117, 118). It is unknown whether those concentrations are as 

effective in isolate human cells. Additionally, BMP2 concentration should be assessed, 

as its response in OP patient cells could be does-dependent. Therefore several 

concentrations of both BMP2 and CK2.3 were used to stimulate a single OP patient’s 

extracted cells. The cells’ mineralization was again assessed through a von Kossa 

assay. Even with increasing concentrations of BMP2, the cells seemed to have no 

response to increasing concentrations of BMP2, Figure 3.16a. Interestingly, with 

CK2.3 stimulation, the cells increased their mineralization response with 

corresponding increasing levels of CK2.3, Figure 3.16b. However, this experiment 

needs to be completed again in at least two different OP donors to determine 

significance and verify the aforementioned trends.  

Taken together, BMP2 is not a viable treatment for OP as the signaling 

pathway is aberrant, however CK2.3 seemingly rescues BMP2 osteogenic mediated 

activity. Therefore, it has the potential to be a novel OP therapeutic.  
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FUTURE DIRECTIONS 

In the future more work needs to be completed to effectively determine the 

cause of aberrant BMP2 signaling in OP patients, as this could be the underlining 

cause of decreased BMD observed in those diagnosed with OP. BMP2 and CK2.3 

concentration curves should be completed on at least three OP and OA patients in 

order to effectively determine the optimal concentration of CK2.3 that should be used 

for extracted primary patient cells, as well as to determine if OP cells would respond 

to a higher or lower BMP2 concentration. I have been using 40 nm BMP2 and 100 nM 

CK2.3 because they are the most effective concentrations for cell line and in vivo 

work. However, primary cells may require different doses of both BMP2 and CK2.3 

than what was used previously, and this should be investigated. BMPRIa and CK2α 

protein expression levels should be determined through western blots. At least three 

OP and OA patient cell lysates should be used. This would verify the obtained 

immunofluorescent quantification and qPCR results as I would be looking into cellular 

distribution, steady-state mRNA levels and finally protein levels of BMPRIa and 

CK2α. Further colocalization studies would also be required to determine the exact 

dynamics between pERK and CK2α. A time course co-immunoprecipitation should be 

completed to determine the timing and level of interaction between these two proteins 

with BMP2 and CK2.3 stimulation.  

Since BMPRIa steady-state mRNA levels were previously studied, it would be 

critical to also research CK2α gene expression following BMP2 and CK2.3 

Chapter 5 
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stimulations to determine if the same response pattern was observed. CK2.3 mediates 

CK2 activity and, based upon previous results, it would be expected to increase CK2α 

expression, while BMP2 would decrease CK2α gene expression. Steady-state mRNA 

levels of both pERK, and pSMAD after BMP2 and CK2.3 stimulation should also be 

investigated to confirm aberrant BMP signaling in cells extracted from OP patients. It 

is hypothesized that pERK expression would increase after CK2.3 stimulation but 

decrease after BMP2 stimulation. It is also predicted that pSMAD gene expression 

levels would remain relatively the same throughout all stimulations, except for a slight 

decrease following BMP2 stimulation.  

Another important research avenue would be BMP receptor distribution on the 

membrane of osteoblasts extracted from OP patients. As previously mentioned, BMP 

receptors can oligomerize in different membrane locations. The receptors dimerization 

activity pre and post BMP2 stimulation affects the downstream pathways activated(70, 

101, 180). All this previous work was completed only in mice cell lines, therefore it 

would be both interesting and critical to determine receptor localization and dynamics 

oo the plasma membrane within osteoblasts extracted from OP patients, as this could 

be a potential cause of aberrant BMP signaling. All my previous work focused solely 

on BMPRIa, due to our labs continued interest in the interaction between CK2 and the 

type Ia receptor. However, BMPRII receptor levels also should be investigated. 

BMPRII is required in order to activate the type Ia receptor through phosphorylation at 

the GS box. If BMPRII levels are decreased in cells extracted from OP patients, this 

could be a possible explanation for the cells decreased responsiveness to BMP2 

stimulation. The osteoblasts did respond to CK2.3 stimulation, which could be due to 

the peptide bypassing the normal signaling cascade through internalization into the 
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cell through caveolae, and direct interaction with the downstream signaling protein 

CK2. However, it is not known whether CK2.3 needs BMPRII to induce its osteogenic 

response, which should be investigated in both cell lines and extracted patient cells. 

Taken together the findings discovered with this project have been substantial in the 

overall understanding of both the cause of OP, as well as for the development and use 

of other potential therapeutics, like CK2.3.  
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