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Osteoporosis and osteoarthritis, are two most common skeletal disorders that are 

idiopathic in nature. Osteoporosis is characterized by excessive bone resorption and 

inadequate formation of bone resulting in skeletal fragility. Osteoarthritis (OA) is 

characterized by degradation of articular cartilage (AC) that surrounds the diarthrodial 

joints followed by the formation of osteophytes that calcification of cartilaginous tissue. 

While there are pharmacotherapeutics today that can slow the progress of bone loss due 

to osteoporosis induced bone loss, the long term effects are not effective and atypical 

fractures are commonly observed (Schilcher et al., 2014). In OA there is no drug today 

that can slow the progression of the disease nor help regenerate the lost cartilage. 

Therefore, there is a dire need for research to find effective targets for pharmacological 

development that can slow the process of disease progression and also regenerate the 

lost tissue. It is beneficial to exploit the basic molecular mechanisms that control the 

overall tissue generation to identify therapeutic targets. Growth factors greatly influence 

the process of bone and cartilage formation. Among the growth factors Bone 

Morphogenetic Proteins (BMPs) are essential for formation and maintenance of long 

bones and AC.   

   Among BMPs, BMP2 is important for embryogenesis, development, and 

maintenance of adult tissue homeostasis (Wang et al., 2014). BMP2 is a potent growth 
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factor that is essential for limb patterning and proper bone and cartilage formation. 

BMP2 is present in all stages of chondrocyte development and also regulates 

osteoblastogenesis and indirectly osteoclastogenesis. BMP2 is pleiotropic in nature and 

influence many bodily functions. In musculoskeletal disorders such as osteoporosis or 

OA, BMP2 plays varied roles contributing to the progression of the diseases. In 

osteoporosis, the BMP2 effect of osteoblastogenesis is reduced but increases 

osteoclastogenesis and adipogenesis (Donoso et al., 2015; Itoh et al., 2001). In OA 

increased physiological levels of BMP2 induce chondrocyte hypertrophy and cartilage 

degradation followed by subchondral bone alterations and osteophyte formation (van 

der Kraan et al., 2010). BMP2 and BMP7 are approved by the FDA for bone fracture 

healing and are also in consideration for osteoporotic and osteoarthritic therapy. 

However, as mentioned earlier BMP2 can elicit both anabolic and catabolic activities. 

Therefore, by targeting these specific signaling mechanisms can help us in therapeutic 

development. 

 Nohe has demonstrated previously a novel Bone Morphogenetic Protein 

Receptor Type Ia (BMPRIa) interaction with Casein Kinase 2 (CK2) (Bragdon et al., 

2010). It is demonstrated that upon BMP2 binding to the serine/threonine kinase 

receptor complex CK2 dissociates from BMPRIa allowing the phosphorylation of 

downstream signals (Bragdon et al., 2010). Using prosite search Nohe lab has identified 

three potential BMPRIa CK2 interaction sites. Nohe lab has developed three mimetic 

peptides (CK2.3, CK2.2, and CK2.1) that encompass the site specific sequences that 

could block the interaction of CK2 with BMPRIa. In this study I investigated the 



 xx 

potential of the peptides CK2.3, and CK2.1 in activating BMPRIa downstream signaling 

for inducing bone and cartilage formation respectively. Nohe lab previously 

demonstrated the effect of CK2.3 in osteogenesis and bone formation in mice calvaria 

(Bragdon et al., 2011b). In this study I examined the effect of CK2.3 in trabecular bone 

formation (Akkiraju et al., 2015). Where CK2.3 induced trabecular bone growth by 

inducing osteoblastogenesis and inhibiting osteoclastogenesis and osteoclast activity as 

compared to BMP2 that activated both osteoblast and osteoclast activity.  

Moreover, I demonstrated here CK2.1 induced chondrogenesis but not 

osteogenesis in vitro by activating the BMPRIa downstream signaling and cartilage 

formation and cartilage repair in vivo. Peptide CK2.1 induced chondrogenesis in 

mesenchymal stem cells (MSC) and demonstrated positive chondrogenic differentiation 

and extracellular matrix (ECM) secretion without the induction of chondrocyte 

hypertrophy both in vitro and in vivo. CK2.1 induced chondrogenic regulation resulted 

in positive secretion of collagen type II and collagen type IX formation without collagen 

type X (hypertrophic marker). In mice, CK2.1 systemic injections lead to increased 

cartilage formation in a similar capacity as BMP2. Furthermore, in an OA mice model 

that underwent Destabilization of Medial Meniscus (DMM) that AC damage through 

secondary injury was injected intra-articularly with slow release system of CK2.1 

conjugated with hyaluronic acid based gels (HGPs). This HGP-CK2.1 intra-articular 

injections completely restored the lost cartilage comparable to SHAM treated mice. 

Moreover, both systemic treatments and DMM mice femurs injected with CK2.1 

demonstrated proteoglycan secretion and collagen type II and collagen type IX but not 
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collagen type X. This is in sharp contrast with the systemic BMP2 injected group that 

demonstrated up regulation of collagen type II and also collagen type X thereby 

enhancing chondrocyte hypertrophy. Peptide CK2.3 specifically induced osteogenesis 

in MSCs and bone formation in similar capacity to BMP2 treatments in mice without 

activating osteoclastogenesis as did BMP2 treatment. Similarly, CK2.1 induced 

specifically chondrogenesis and cartilage formation and repair without inducing 

chondrocyte hypertrophy or cartilage degradation. Both peptides CK2.3 and CK2.1 may 

specifically regulate BMPRIa downstream signaling for bone and cartilage formation 

respectively. Understanding these signaling cascades can help identify the molecular 

targets necessary for inducing bone and cartilage growth. In this study I have 

successfully demonstrated the potential of peptide CK2.3 in bone formation and peptide 

CK2.1 in cartilage formation and cartilage repair. Taken together, these peptides present 

a unique opportunity for identifying the therapeutic targets that can used for treating 

bone and cartilage disorders like osteoporosis or OA.        
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INTRODUCTION 

1.1 Function and Structure of Bone 

Bone is a dynamic tissue that is rigid and forms the skeleton of the body. Bones 

support and protect the various organs of the body. Bones play an important role in 

brain, heart and lung functions, locomotion, support of haematopoiesis in the bone 

marrow, storage of minerals (i.e. calcium, phosphate) and providing attachment to 

muscles (Proff and Romer, 2009).  The tissue is largely comprised of organic and 

inorganic components. Organic components consist of collagen type I amounting to 

about 90% of total bone protein, the rest composing of non-structural proteins like 

growth factors, blood protein, osteonectin and osteocalcin. The inorganic components 

of bone are mainly composed of mineral hydroxyapatite (Ca10(PO4)6(OH)2). These 

organic and inorganic materials together form the flexible character as well as 

compressive strength (Proff and Romer, 2009).  

1.1.1 Bone Formation 

Bone formation is specially controlled by the bone cells namely; osteoblast 

(form the bone matrix), osteoclast (resorb the bone) and osteocytes (bones endocrine 

system that regulates bone formation). Skeleton is generated from three distinct 

lineages. Namely somites that generate the axial skeleton, lateral mesoderm that 

Chapter 1 
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generate the limb skeleton, and the cranial neural crest gives rise to the craniofacial 

bones and cartilage (Kobayashi and Kronenberg, 2014). There are two major modes of 

bone formation; intramembranous ossification that is the direct bone formation from 

mesenchymal tissue, a process that results in formation of the skull. Alternatively, long 

bones form through endochondral ossification; where the mesenchymal cells 

differentiate into chondrocytes that make the hyaline cartilage, later replaced by bone 

formed by the bone cell infiltration. In this study I focused on the long bones specifically 

the femurs that develop through endochondral ossification. 

1.1.2 Endochondral Ossification 

Multiple steps are involved in long bone formation through endochondral 

ossification. Starting with cartilage tissue is formation and later replaced by bone (Price 

et al., 1994). Initiated by mesenchymal cells commitment to chondrocytes. 

Mesenchymal cells condense into compact nodules in the presence of N-Cadherin and 

N-CAM and differentiate into the prechondrocytes (Hall and Miyake, 1995; Oberlender 

and Tuan, 1994).  Transcriptional regulator SOX9 gene is known to be highly expressed 

in these precartilagenous condensations. It is shown that mutations in SOX9 gene cause 

camptomelic dysplasia, a rare skeletal disorder that results in the deformities of most 

skeletal bones in the body (Wright et al., 1995). Upon MSC differentiation to 

chondrocytes they proliferate and divide and secrete the cartilage specific extracellular 

matrix (ECM) Followed by terminal differentiation of chondrocytes (hypertrophic 

chondrocytes). These hypertrophic chondrocytes die and leave spaces for 
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vascularization and bone marrow formation. In this region MSCs differentiate into 

osteoblasts allowing for the formation of bone matrix and formation of the bone tissue 

(Bruder and Caplan, 1989; Hatori et al., 1995). Long bone formation through 

endochondral ossification starts with 1) collar formation: periosteum forms around a 

piece of hyaline cartilage, where differentiated osteoblasts lay bone matrix and 

mineralize the tissue forming a bony collar. 2) Cavity formation: A primary ossification 

center is formed in the center of the cartilaginous tissue. Calcification and hardening of 

the center impedes nutrient supply to the cartilage leading cellular death and allow 

cavity formation. 3) Vascular invasion: inner cavity containing many hole is invaded by 

nutrient rich foramen. In this are many components enter through the nutrient foramen 

such as nerves, lymphatics, osteoclasts, osteoblasts etc.  Remaining cartilage is broken 

down by osteoclasts and the osteoblasts secrete their osteoid forming trabeculae (spongy 

bone). 4) Elongation: Continual invasion of osteoclasts, and osteocytes allow for the 

elongation of the bone shaft (diaphysis). Therefore, the hollow inner cavity or medullary 

cavity is formed as the diaphysis elongates. Elongation ends into the epiphysis where 

the vasculature ends and the hyaline cartilage begins called the secondary ossification 

center. 5) Epiphyseal ossification: formation of spongy bone is done in this region same 

as previously explained. Here the hyaline cartilage is left on the ends of the bones 

(Articular cartilage) and the epiphyseal growth plates are formed (figure 1.1).  
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Figure 1.1 Development of long bones through Endochondral ossification. 

Endochondral ossification is one of the two essential processes during fetal development 

of the mammalian skeletal system. Cartilage is replaced by cancellous bone forming the 

primary ossification center. Followed by vascularization of the medullary cavity 

forming the secondary ossification center separating diaphysis and the growth plate. 

Image was modified from (Mackie et al., 2008) 

1.1.3 Osteoblast and bone formation 

Osteoblasts are bone forming cells that are known to form bone tissue by 

secreting alkaline phosphatase (ALP), Osteocalcin, collagen type I, proteoglycans, bone 

sialoprotein (BSP), and osteopontin other matrix proteins. Osteoblasts are found in 

clusters along the bone surface where they produce bone matrix by depositing collagen 

type I. Subsequently, collagen matrix becomes mineralized, presumably through the 

ALP activity. Although ALP activity in bone formation is less clear, it is commonly 

involved in bone mineralization process (Wennberg et al., 2000). Osteoblasts, besides 

their role in bone formation are also involved in osteoclast differentiation as they 

produce receptor activator of nuclear factor κ-B ligand (RANKL) or Osteoprotegerin 
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(OPG) to modulate osteoclast activity (Takahashi et al., 1999; Udagawa et al., 1999). 

Osteoblast cells originate from pluripotent MSCs of the bone marrow (Katagiri and 

Takahashi, 2002). A number of transcription factors and biochemical factors tightly 

regulate osteoblast recruitment, function and maturation. Osteoblast differentiation is 

controlled by the secretion of lipid-modified glycoproteins of the wingless (Wnt) 

family, BMP2 and several other transcription factors. BMP signaling is among the many 

important signaling pathways that induce osteoblastogenesis and produce essential 

transcription factors such as runt-related transcription factor 2 (RUNX2) and Osterix. 

BMPs found in bone influence MSCs commitment to osteoblasts that express specific 

proteins, such as ALP, Osteocalcin, and the osteogenic transcription factor RUNX2 

(Katagiri and Takahashi, 2002; Katagiri et al., 1994).  

1.1.4 Osteoclasts and bone resorption 

Osteoclasts are multi-nucleated cells specialized in bone resorption. Osteoclast 

differentiation involves recruitment and dissemination of osteoclast progenitors from 

hematopoietic monocyte-macrophage lineage (Kurihara et al., 1989; Proff and Romer, 

2009). This osteoclast activity is dependent on two cytokines; macrophage colony 

stimulation factor (M-CSF) and RANKL and calciotropic hormones (Katagiri and 

Takahashi, 2002; Teitelbaum, 2000). M-CSF binds to the receptor c-fms on the surface 

of the osteoclast progenitor and thereby provides the signals required for proliferation 

(Teitelbaum, 2000). Furthermore, M-CSF enhances osteoclast activity and osteoclast 

survival by preventing apoptosis (Glantschnig et al., 2003; Roodman, 2006). RANKL 
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is expressed on the surface of osteoblast stromal cells. Differentiation of osteoclasts by 

RANKL is achieved by cell-cell interaction between osteoblasts and osteoclasts (Datta 

et al., 2008; Kostenuik, 2005; Teitelbaum, 2000). Membrane bound RANKL is taken 

by the osteoclast surface RANK receptor as a crucial factor for osteoclast 

differentiation. Another cytokine that is expressed by osteoblasts is osteoprotegrin 

(OPG). OPG competes with RANKL binding to RANK receptor to inhibit 

osteoclastogenesis (Simonet et al., 1997; Yasuda et al., 1998). It is thus assumed that 

the concentration differences between RANKL and OPG regulate bone resorption and 

bone strength (Kostenuik, 2005).  

Bone resorption is initiated with the migration of osteoclasts onto the bone 

surface and this adhering to the area of the bone to be remodeled. Osteoclast contact of 

the bone matrix is polarized with plasma membrane forming three distinct areas: the 

basolateral membrane, which is not in contact with bone matrix, the zone sealed and 

tightly attached to the bone, and finally the ruffled border which is ring-shaped and 

surrounded by the sealing zone. The ruffled border is in direct contact with the bone 

sealing the areas thereby forming a diffusion barrier to ensure defined proton and 

protease concentration secreted by the ruffled border in the evolving resorption lacunae 

underneath the osteoclast (Vaananen and Laitala-Leinonen, 2008). Osteoclasts are 

capable of dissolving bone material like hydroxyapatite, by secretion of hydrochloric 

acid. A V-type ATPase pump present in the ruffled membrane of osteoclasts, 

translocates protons into the resorption lacuna acidifying the environment below pH 4.5 
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and a carbonic anhydrase II is present in osteoclasts to supply protons. Once the bone 

material is demineralized the organic phase of bone is more accessible. Bone turnover 

is a complex process influenced by mutual actions of the osteoblasts and osteoclasts that 

provide the strength to withstand mechanical forces. An imbalance between these 

processes leads to bone diseases like osteopetrosis or osteoporosis to name a few. These 

imbalances can be caused by myriad of reasons and the differences in the signaling 

pathways can alter the course of bone remodeling. Understanding these molecular and 

biochemical mechanisms in bone maintenance, stability and integrity ensures and 

proper strategies for therapeutic development for bone metabolic disorders.  

1.1.5 Bone remodeling 

Bone is a metabolically active tissue that undergoes continuous remodeling to 

maintain its stability and integrity. About 10% of bone is renewed each year  (Lerner, 

2006). Bone remodeling is a complex process that involves bone resorption performed 

by osteoclasts, followed by bone formation carried out by osteoblasts. This remodeling 

cycle involves in these sequential steps; resorption, reversal and formation (Hadjidakis 

and Androulakis, 2006; Hill, 1998) (figure 1.2). Osteoclasts activity occurs in small 

cortical and trabecular bone covering areas, where the remodeling process occurs. In 

these sites, osteoclastogenesis comes first with the expression of nuclear factor κ B 

ligand (RANKL) by bone lining cells, binding to RANK that exists as a surface receptor 

on the membrane of pre-osteoclasts. Binding of RANK to RANKL initiates the 

activation of signaling cascades for the osteoclast commitment (Wada et al., 2006). In 
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the resorption stage, several chemokines or chemotactic cytokines are secreted by 

stromal cells or bone lining cells that attract and stimulate the recruitment of osteoclast 

precursors and allow for bone resorption. Along with the osteoblasts, osteocytes also 

influence bone remodeling. Osteocytes, in bone embedded are proposed to sense 

microcracks and microfractures triggering the subsequent osteoclast differentiation and 

bone resorption (Bonewald, 2007a; Bonewald, 2007b; Matsuo and Irie, 2008). Further 

resorption is carried out by the fully differentiated osteoclasts that resorb bone forming 

pits, during this process allows proteins like Bone Morphogenetic Proteins (BMP) and 

insulin-like growth factor-1 (IGF-1) to influence mesenchymal stem cells (MSCs) 

commitment to osteoblasts that reverse the process of bone resorption to bone formation 

(Matsuo and Irie, 2008). Osteoblasts lay down new bone in the pits formed by the 

osteoclasts, by mineral deposition on the newly formed matrix replacing the old bone 

completely (Figure 1.2) (Hill, 1998). An imbalance in this process can lead to 

progressive disorders as osteoporosis, where bone loss exceeds bone formation for 

various reasons that are otherwise idiopathic in nature. 
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Figure 1.2 Bone remodeling. Cycles consists of three phases. 1) Bone resorption 

phases taking place is short and occurs in about 3 weeks, where pre-osteoclasts 

differentiate in the presence of M-CSF and RANKL to become active osteoclast 

releasing hydrolytic enzymes that resorb the bone. 2) Reversal, where pre-osteoblasts 

differentiation into osteoblast and lay new bone matrix in the pits where osteoclasts 

resorbed. 3) Bone formation phase could take up to 3 months, where the new matrix is 

mineralized and resulting osteoblasts terminally differentiate and are embedded into the 

matrix as osteocytes. Image adapted from 

(http://ns.umich.edu/Releases/2005/Feb05/bone.html)  

1.2 Osteoporosis 

Osteoporosis is an idiopathic degenerative bone disease that leads to the loss of 

bone.  Imbalance between osteoblast and osteoclast activity cause osteoporosis. Bone 

matrix remodeling is a dynamic process where 10% of all bone mass is replaced per 

year. This process of takes place in multicellular units (BMUs) was first describes by 

Frost & others in 1963 (Hattner and Frost, 1963). Osteoclasts assist the bone 

degradation, while osteoblasts rebuild the bone matrix. Low bone density usually occurs 

when their osteoclasts degrade the bone matrix faster than osteoblast can mineralize the 

matrix making the tissue brittle and susceptible for fractures. Osteoporosis can be 
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caused due to either of these factors; type 1 osteoporosis the more common type is due 

to age-related loss of bone, commonly observed in postmenopausal women due to 

estrogen deficiency. Type 2 or senile osteoporosis occurs in women and men due to 

vitamin D3 deficiency resulting in excessive bone resorption but not bone formation, 

and type 3 or secondary osteoporosis caused by product of long term progression of 

other diseases or drug therapy.  

1.2.1 Pathogenesis of osteoporosis 

Excessive bone resorption and inadequate formation of bone results in skeletal 

fragility. Therefore, it is essential to understand this process in order to isolate the 

underlying mechanisms for controlling the processes necessary for bone growth. 

Trabecular bone, in comparison to cortical, undergoes larger remodeling when 

considering number of BMUs per square centimeter. However, in cortical bone the 

process is slower as this bone resorption has to consider large structural entities such as 

the Haversian canal systems on cortical structures (Raisz, 2005). Resorption phase of 

bone is short. However, the period required for osteoblast mediated bone formation or 

replacement of the bone is a long process. Any increase in the rate of bone remodeling 

will results in loss of bone mass (Raisz, 2005). Excessive resorption can result in a 

complete loss of trabecular structures. There are many ways that invigorates osteoclastic 

resorption. However, also to note that high rates of resorption may not always associate 

with bone loss; like pubertal growth that usually includes excess bone turnover. 
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Therefore, an inadequate formation response during remodeling is a critical component 

of the pathogenesis of osteoporosis.  

Postmenopausal women who suffer from lowered estrogen levels are at the 

greatest risk of developing osteoporosis. In mechanical loading studies it has been 

shown that estrogen deficient bone had the least bone formation (Lee et al., 2003). . 

Also to be considered is the rate of osteoblast induced RANKL and OPG production 

inducing osteoclast activity (Suda et al., 1999).  It is shown that OPG knockout in mice 

lead to increased bone loss and severe osteoporosis, conversely RANKL knockout mice 

suffered from osteopetrosis (Bucay et al., 1998). Previous study confirmed an increase 

in RANKL levels in estrogen deficient postmenopausal women (Bekker et al., 2004). 

While OPG deficiency has not been linked to pathogenesis of osteoporosis, it has been 

shown that T cell production may play a role in the increase in RANKL levels in 

pathologic states thereby contributing to osteoporosis related bone loss (Weitzmann et 

al., 2001). Many possible factors including abnormalities of cytokine and growth factor 

signaling such as that of Wnt, BMP, TGFβ, IGF-1 and FGF signaling cascades have 

been shown to induce accelerated bone loss in osteoporosis (Canalis, 2013; Chung et 

al., 2003; Fromigue et al., 2004; Lodewyckx and Lories, 2009; Miyazono et al., 2001; 

Moerman et al., 2004). 

1.2.2 Osteoporosis therapeutics 

Osteoporosis is a serious public health concern being a worldwide epidemic. 

Currently it is estimated that 200 million people worldwide suffer from the disease. 
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Approximately 30% of all postmenopausal women have osteoporosis in the United State 

and in Europe. At least 40% of these women and 15-30% of men will sustain 

osteoporosis induced fracture in their lifetime 

(http://www.iofbonehealth.org/epidemiology). Patients with a history of fractures have 

a 2-3-fold increased risk of hip fracture. By 2050, there is an estimated 240% increase 

of fractures in women and 310% in men worldwide. Many therapies have been 

introduced into the market ranging from bisphosphonates, Selective Estrogen Receptor 

Modulators (SERMS) and intermittent PTH therapy combined with bisphosphonates 

(Marie and Kassem, 2011). However, along with being expensive these drugs can cause 

side effects like osteonecrosis or osteosarcoma that are life threatening in the long term 

(Bilezikian, 2006). Bisphosphonates inhibit osteoclasts that accelerate bone loss; 

however, long term use has been shown to cause negative osteonecrosis and further 

accelerates the process of bone loss (Bilezikian, 2006). SERMS target estrogen 

receptors, by binding with high affinity to the estrogen receptor prevents osteoclast 

maturation and inhibiting overall bone loss. Intermittent PTH dosing was shown to 

increase bone formation within a two-year period, however long term dosing has proven 

to be ineffective and also a potential cause of osteosarcoma (Broadhead et al., 2011; 

Yamaguchi et al., 1987).  Over the years BMP2 and BMP7 have been studied in 

preclinical trials for their effectiveness in bone formation (Rosen, 2008) and have been 

successfully approved by the FDA for spinal fusions and long bone fracture repair 

(Marcus R, 2008) (www.FDA.gov). The possibilities of BMP2 treatments for 

osteoporosis related bone fracture are in consideration due to its efficacy in long bone 

http://www.fda.gov/
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fracture healing and are being researched in animal studies showing elevated levels for 

osteoblast activity for overall bone formation (Falahati-Nini et al., 2000; Khosla et al., 

2008; Li, 2008; Marcus R, 2008; Rosen, 2008). A major drawback however is the large 

dosages (1.5mg/ml) required for the treatment. It has been shown that BMP2 directly 

enhances osteoclast differentiation and osteoclast activity (Jensen et al., 2010). 

Therefore, BMP2 treatments in the long run may lead to the accelerated bone loss due 

to BMP2 induced osteoclast activity (Itoh et al., 2001). Therefore, there is a great 

necessity to identify the underlying signaling factors that contribute to osteoblast 

differentiation and activation and also the mechanisms underlying osteoclast 

differentiation and activity.  

1.3 Cartilage  

Cartilage is an avascular strong flexible connective tissue that surrounds the 

joints between the bones, rib cage, ear, nose and also the intervertebral discs. Cartilage 

contains a gelatinous substance called chondroitin sulfate. There are three types of 

cartilage; hyaline, elastic, and fibrocartilage 

(http://www.ivyroses.com/HumanBody/Tissue/Tissue_Cartilage-Tissue.php). Elastic 

cartilage is the cartilaginous tissue that is found in the pharyngotympanic tubes, 

epiglottis, and ear lobes. Fibrocartilage is the type of cartilaginous tissue that is spongy 

in nature with collagen bundles providing elasticity and flexibility and serves as an 

excellent shock absorber, commonly found in pubic symphysis and intervertebral disks.  

The most abundant cartilage is hyaline cartilage that is found as the main substance in 
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nose, ears, trachea, larynx, and surrounding the diarthrodial joints as well as 

intervertebral discs. Hyaline cartilage that surrounds the Articular Cartilage (AC) serves 

to reduce the friction by creating a smooth viscoelastic surface between the joints 

(Poole, 1997). This particular type of cartilage is formed by chondroblasts that 

differentiate from MSCs. Found along the edges of cartilage plates under the 

perichondrium where appositional growth occurs. In this study I focus on AC and the 

cartilaginous structures formed by the chondrocytes and the ECM associated with it. 

1.3.1 Chondrocyte Function and Regulation 

Chondrocytes of the AC perform different functions compared to chondrocytes 

of the epiphyseal growth plates. Chondrocytes of the AC aid in joint articulation, while 

chondrocytes of the growth plate regulate the growth of the epiphyseal plates. Since this 

review focuses on OA, we will relate only to chondrocytes of the AC. Chondrocytes are 

metabolically active cells that synthesize and turnover a large volume of extra cellular 

matrix (ECM) components such as collagen, glycoproteins, proteoglycans, and 

hyaluronan (Archer and Francis-West, 2003). The metabolic activities of chondrocytes 

are altered by many factors that are present within their chemical and mechanical 

environment. Most important among these factors are the pro-inflammatory cytokines 

and growth factors that have anabolic and catabolic effects. These factors play a role in 

the degradation and synthesis of matrix macromolecules (Fortier et al., 2011; Goldring 

et al., 2008; Kapoor et al., 2011). However, little is known about the molecular 

mechanism by which these growth factors and peptides elicit their effects on ECM 
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metabolism. Chondrocytes are derived from MSCs and occupy only 1%–5% of the total 

cartilage tissue (Bhosale and Richardson, 2008). This low density is due to the high 

matrix to cell volume ratio (Bhosale and Richardson, 2008; Poole, 1997). Furthermore, 

the life span of the chondrocyte is controlled by the areas of its residence. Since AC is 

an avascular tissue, chondrocytes rely on diffusion of nutrients and metabolites from the 

articular  

surface (Poole, 1997). Moreover, these cells function in a low oxygen environment with 

low metabolic turnover. They inherently contain low mitochondrial numbers (Archer 

and Francis-West, 2003). The mechanosensitive chondrocytes are major contributors 

for ECM production and they provide the functional and mechanical ability to withstand 

compressional, tensile, and shear forces across the diarthrodial joints. 

1.3.2 ECM Production and Its Regulation by Chondrocytes 

The main function of chondrocytes in the superficial and mid zone of AC is to 

synthesize ECM composed of collagen type II, IX, and XI and proteoglycans. This ECM 

facilitates compressional and tensile forces across the diarthrodial joint (Eyre, 2002; 

Sophia Fox et al., 2009). Collagens are the most abundant macromolecules of the ECM, 

and make up 60% of the dry weight of the cartilage and provide tensile and shear 

strength to the tissue. Collagen also stabilizes the matrix. Collagen type II makes up 

90%–95% of the collagen in ECM and forms fibrils and fibers interwoven with 

proteoglycan like aggrecans (Eyre, 2002). Collagens type IX and XI represent 5%–10% 

of the AC collagenous network and offer support for the collagen fibrilar crosslinking. 
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Chondrocytes of the deep zone are terminally differentiated and actively synthesize 

collagen type X. Proteoglycans represent the second largest group of macromolecules 

and are heavily glycosylated protein monomers that resist compressional forces across 

the articular joint (Sophia Fox et al., 2009). These proteoglycans include aggrecan, 

decorin, biglycan, and fibromodulin. Aggrecans are the largest among the group 

(Roughley and Lee, 1994; Sophia Fox et al., 2009). Growth factors play a crucial role 

in controlling chondrogenesis by affecting MSCs differentiation to chondrocytes. They 

also influence chondrocytes to synthesize specific ECM proteins (Figure 1). The shift 

in expression of collagen type X by the chondrocytes also marks the regulation of 

proteolytic enzymes production. These enzymes aid in the clearing of the cartilage ECM 

and allow vascularization and calcification of tissue (Eyre, 2002; Poole et al., 2002). 

In order to maintain the homeostasis of the ECM, the synthesis and degradation of 

the ECM must be fine-tuned. Damage to AC tissue leads to loss of its ECM, followed 

by chondrocytes secreting new ECM to repair the damage. Although, chondrocytes are 

the primary contributors of AC ECM secretion, their turnover rates are not balanced. 

Proteoglycan turnover is estimated to take up to 25 years, while the collagen half-life is 

estimated to range from several decades to 400 years (Sophia Fox et al., 2009; Verzijl 

et al., 2000). Therefore, damage to the tissue can further play a role in the progression 

of slow degeneration of the tissue and elevate OA like conditions. 

The composition of the ECM as well as the organization of chondrocytes and their 

response to external factors such as cytokines is dependent on the age of the tissue, 
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however chondrocyte numbers remain unchanged (Hardingham and Bayliss, 1990). In 

the course of aging, dissipation of chondrocytes in the superficial region is followed by 

an increase in the number of chondrocytes in the deep layers. Consequently, the 

decrease in the hydration of the matrix results in an increased compressive stiffness. The 

age related decrease in the proteoglycan aggregate numbers within the ECM may be a 

result of proteolytic damage to the link proteins and glycosaminoglycan chains and 

increase in partially degraded hyaluronan without newly synthesized molecules (Martin 

and Buckwalter, 2001a; Martin and Buckwalter, 2001b; Martin et al., 1997). Thus, 

increased mechanical forces exerted on the tissue further lead to subchondral tissue 

calcification (Hwang et al., 2008; Sharma et al., 2013). These overall structural changes 

seen in the aging cartilage may just be another factor for the development of diseases, 

such as OA. 
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Figure 1.3. Organization of normal articular cartilage. Superficial, middle, and deep 

zones and their extracellular matrix according to zonal sections. Growth factors that 

control the chondrocyte function are divided based on the stage of chondrocyte lineage.    

1.4 Structural Changes in OA Cartilage 

OA is the most prevalent type of cartilage degenerative disease, the other being 

rheumatoid arthritis. OA results in progressive cartilage degradation characterized by 

the softening, fibrillation and erosions of the articular surface (Sandell and Aigner, 

2001). Breakdown of proteoglycans leads to a reduction in the compressive stiffness of 

the tissue that accelerates the rate of collagen loss (Falah et al., 2010). In OA, besides 

cartilage erosion in subchondral bone, synovial fluid, and the synovial membrane also 

play a role in the progression of OA. Osteophyte formations, subchondral bone 
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remodeling, and synovial membrane inflammation may further aid in cartilage tissue 

degradation. In early stages of OA, hypertrophic chondrocytes express collagen type X. 

This production marks the terminal differentiation of chondrocytes that regulates the 

expression of proteolytic enzymes like MMPs, and ADAMTS that degrade the 

proteoglycan and collagen network. Simultaneously, activation of transcriptional 

regulators such as Runt-Related Transcription Factor 2 (RUNX2) are known to induce 

terminal differentiation and enhance the expression of collagen type X and proteolytic 

enzymes that digest the AC ECM (van der Kraan and van den Berg, 2012; Wang et al., 

2004; Zheng et al., 2003). MMP-1 (Collagenase-1) and MMP-13 (Collagenase-3) are 

the primary factors that lead to overall degradation of collagenous framework. MMP-3 

(Stromelysin-1) and ADAMTS-4 (aggrecanase-1) degrade proteoglycans (Troeberg and 

Nagase, 2012; Wu et al., 1991). It is shown that MMP activities are controlled by 

physiologic activators such as cathepsin B and tissue inhibitors of MMPs (TIMPs) 

(Kostoulas et al., 1999). An imbalance between these factors is commonly observed in 

OA tissue. Repeated mechanical insult to AC enhances MMP production and enhances 

cartilage matrix breakdown, (Blain, 2007; Buckwalter et al., 2013). These deleterious 

effects are pronounced in the superficial region of AC (Lin et al., 2004). However, the 

process that regulates the production of proteolytic enzymes still remains unclear (Lin 

et al., 2004). 

Inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, are known to be 

upregulated during OA progression (Kapoor et al., 2011). These inflammatory 

cytokines are secreted by chondrocytes and synoviocytes. They play an important role 
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in the disruption of cartilage homeostasis, and MMP mediated cartilage degradation 

(Choy et al., 2002; Kapoor et al., 2011). This is done by modulating the hypertrophic 

chondrocyte activity by increasing MMP expression and inhibiting the production of 

MMP inhibitors (Kostoulas et al., 1999). IL-1β mediated TNF-α expression has been 

shown to regulate IL-6 production and nuclear factor-κβ (NF-κβ) dependent 

transcriptional expression of Hypoxia-inducible factor 2α (HIF-2α) drive the processes 

that may further enhance AC destruction (Caron et al., 1996; Rigoglou and 

Papavassiliou, 2013; Saito et al., 2010; Stannus et al., 2010; van de Loo et al., 1995; 

Wehling et al., 2009). OA induced cartilage damage follows a myriad of cascades that 

once activated result in irreversible damage to the tissue. Chondrocytes recognize the 

loss of ECM and actively produce collagen type II and proteoglycans. However, the 

ratio between the ECM protein production to proteolytic enzyme production is 

imbalanced and results in complete loss of cartilaginous tissue overtime. Moreover, 

cellular attempts to repair the tissue results in aberrant osteoblast like differentiation 

forming osteophytes or fibroblastic differentiation inducing fibrosis or stiffening of the 

joints (Findlay and Atkins, 2014; Hashimoto et al., 2002; Remst et al., 2015). 

1.4.1 OA Induced Osteophyte Formation and Fibrosis 

Osteophyte formation of the AC and sclerosis of subchondral bone is commonly 

observed in OA development. In addition, synovitis is a common occurrence in OA, 

which involves osteophyte formation at the junction of periosteum and synovium (Blom 

et al., 2004; Gelse et al., 2003b; Matyas et al., 1997; Sandell and Aigner, 2001). 
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Commonly osteophyte development is caused by MSCs near the periosteum as a form 

of repair mechanism to help stabilize the joints (Matyas et al., 1997; Sandell and Aigner, 

2001). The increase in endogenous MSCs recruitment and chondrogenic differentiation 

in the damaged cartilage can be seen as a form of tissue repair and regeneration (Wong 

et al., 2015). However, in this process aberrant expression of growth factors, such as 

Transforming Growth Factor β (TGF-β), BMP-2 and upregulation of other 

inflammatory responses, can lead to chondrocyte hypertrophy/apoptosis and osteophyte 

formation (Uchino et al., 2000; van Beuningen et al., 1998). The mechanisms that 

control this activity remain unknown. Macrophages from the synovial lining enhance 

the inflammatory response and the cartilage damage. These synovial macrophages 

induce both anabolic and catabolic processes. Macrophages initiate these processes by 

secreting growth factors such as TGF-β, and BMP-2 (Champagne et al., 2002; Cutolo 

et al., 1993). The development of osteophytes causes pain and loss of movement. 

Simultaneously, the production of spontaneous nitric oxide by chondrocytes and 

chondrocyte death allows osteophyte formation (Figure 1.4) (Hashimoto et al., 2002). 

Another important hallmark of OA along with cartilage degeneration, and 

osteophyte formation is fibrosis that results in joint pain and stiffness. It results from the 

imbalance induced by the growth factor activity regulating matrix synthesis and 

degradation. Two main factors contribute to this, TGF-β and Connective Tissue Growth 

Factor (CTGF) (Leask and Abraham, 2004; Leask et al., 2004). Fibrosis results in fibrin 

deposition within the synovium. It causes joint stiffness that is another symptom in the 

progression of OA in combination with osteophyte formation and degradation of the 
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AC. The body’s attempts at cellular repair include the recruitment of 

chondroprogenitors from the surrounding MSC niche. However, MSCs ability for 

multilineage differentiation makes this an arduous process. Moreover, MSC 

differentiation relies on the signaling factors that control the cell turnover. Signaling in 

OA cartilage may be a potential problem for treatments in the long term. 

 

Figure 1.4. OA of the knee. Healthy cartilage with normal joint space between femur 

and tibia (Left). OA cartilage with decreased joint space due to cartilage degeneration 

and bone spur (osteophyte) formation (Right). Adopted and modified from 

(http://orthoinfo.aaos.org/topic.cfm?topic=a00212) 

1.4.2 Signaling in OA Cartilage 

AC development, growth, maintenance, and repair are controlled by several signaling 

factors that trigger multiple bioactive roles within the chondrocyte metabolism. The 
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regulatory mechanisms of the growth factors are responsible for cartilage homeostasis. 

An imbalance between them is often noticed in OA cartilage. The activated signaling 

cascades involved in OA progression are TGF-β1, BMP2/4/7, Wnt5a, Insulin Growth 

Factor 1 (IGF-1), and Fibroblast Growth Factor 2 (FGF-2) (Mariani et al., 2014; Shi et 

al., 2009; Wang et al., 2004; Yan et al., 2011). TGF-β1 together with BMP2/4/7, and 

IGF-1, contributes to cartilage formation and their mechanisms have been extensively 

studied (Fortier et al., 2011; Shintani et al., 2013). However, these anabolic growth factors 

are catabolic in OA (Blaney Davidson et al., 2007b; Goldring et al., 2006; Papathanasiou 

et al., 2012; van der Kraan and van den Berg, 2012). Similarly, HIF, NF-κβ pathway, 

Mitogen-Activation Protein Kinase (MAPK) pathways may contribute to OA 

progression (Olivotto et al., 2015; Saito et al., 2010). Representative schematic of the 

crosstalk between these signaling factors in the development of OA is shown in (Figure 

1.5). 

The effect of BMPs on chondrogenesis was demonstrated. BMPs function to promote 

differentiation, proliferation, and maturation throughout the chondrocytes lineage (van 

der Kraan et al., 2010). While BMP7 enhanced chondrogenic activity, BMP2 also 

induces chondrocyte hypertrophy. This is remarkable since both factors signal through 

the same receptors. The BMP canonical Smad 1/5/8 pathway is a potent inducer of 

chondrocyte hypertrophy and endochondral ossification (Retting et al., 2009). 

Therefore, other pathways within BMP signaling may be responsible for the diversity 

of effects. During OA, BMP2 mRNA levels are upregulated and followed by terminal 

differentiation of chondrocytes (Nakase et al., 2003). The terminal differentiation of 
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chondrocytes enhances the secretion of collagen type X and MMP-13. During 

progression of OA, several chondrocytes within the cartilage tissue express BMPs. 

Enhanced BMP production influence the acceleration of terminal differentiation of 

chondrocytes present in the OA cartilage that lead to enhanced MMP production. BMPs 

may potentiate chondrogenic differentiation but may also initiate aberrant osteophyte 

formation as well as enhance proteolytic enzyme production for the acceleration of 

cartilage degradation (Zoricic et al., 2003). Crosstalk between BMP, TGF-β and Wnt 

signaling pathways is known to regulate terminal differentiation of chondrocytes and 

the differential modulation between these signaling pathways could accelerate OA 

(Chan and Little, 2012; van der Kraan et al., 2009). BMP2-induced Wnt/β-catenin 

signaling enhances the low-density-lipoprotein receptor-related protein 5 catabolic 

activity, followed by promoting hypertrophy in osteoarthritic chondrocytes.  

Wnt/β-catenin negatively regulate NF-κβ and drive TGF-β/BMP signaling. This leads 

to enhanced expression of RUNX2 that enhances the expression of MMP-13, MMP3, 

and collagen type X (Mariani et al., 2014; Papathanasiou et al., 2012). This process 

drives chondrocyte hypertrophy and accelerates OA induced cartilage damage. Figure 

1.5 summarizes the pathways involved in OA progression. How or what causes these 

imbalances in these signaling cascades is not known. Moreover, the regulation of the 

crosstalk between the factors is not completely understood. 
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Figure 1.5 Signaling cascades involved in Osteoarthritis. Red arrows indicate the 

primary signaling protein that regulate OA progression. The black arrows signify the 

activation of the proteins. The bars indicate inhibition of the proteins. 

1.4.3 OA Pharmacotherapy 

OA pathophysiology features loss of AC through the loss of cartilaginous ECM 

and the cells that are embedded in it. Chondrocytes are relatively inert cells with 

insufficient regenerative capacity. Overexpression of proteolytic enzymes including 

MMPs, ADAMTS further degrade the diseased cartilage. Common practice for mild 

OA treatments include using physiotherapy and pharmacologic agents to reduce pain 
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and inflammation. As the disease progresses intra-articular steroids or hyaluronic acid 

administration is the common practice (Chevalier, 2010). However, while the patients 

experience temporary relief, it is short lived and its effectiveness is debatable. In 

advanced cases of OA progression knee replacements are common (Buckwalter et al., 

2004; Gupta et al., 2012). However, these patients suffer from joint stiffness and limited 

mobility. 

Current pharmacological intervention addresses only chronic pain in OA 

but insufficiently, and there is no proven method today that provides structure 

modifying therapy (Goldring and Goldring, 2007). Common recommendations 

include analgesics nonsteroidal anti-inflammatory drugs (NSAIDs) (Vane and 

Botting, 1997). Another approach that is being adopted is the usage of 

bisphosphonates and strontium ranelate, a rationale used to delay bone turnover 

to prevent osteophyte formation and cartilage calcification (Richette and Roux, 

2012). Other therapies include; inhibitors of inducible nitric oxide synthase 

(iNOS), believed to suppress the production of inflammatory cytokines that 

produce of Nitric Oxide (NO) as an inflammatory response enhancing production 

of catabolic agents that breakdown cartilage (Clutterbuck et al., 2009). There is 

also anti-MMP therapy, which aims to stop the MMP activity in collagen 

degradation. However, it has proven to be ineffective and no new development in 

this area was made (Mobasheri, 2013). Over the last decade many compounds 

have been tested and while some are now in the phase II and phase III trials, there 
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is yet to be a concrete disease modifying osteoarthritic drug (DMOAD).  An 

alternative to pharmacotherapy is the more invasive approach; are arthroplasty, 

and MSC therapy.    

Although, the causes for the degenerative disorders like OA are still unknown. 

Signaling cascades of TGFβ, BMP, Wnts, and FGF that help in cartilage formation 

should be determined and utilized to delay or reverse the progression of OA. Therefore, 

a great deal of work is still needed to understand this degenerative disease, and for the 

development of therapeutics to stop the progression of OA and regenerate lost cartilage. 

1.5 Overview of Bone Morphogenetic Proteins (BMPs) 

BMP are group of potent growth factors belonging to the TGFβ superfamily.  

BMPs are important morphogens necessary for embryogenesis, development, and 

maintenance of adult tissue homeostasis (Wang et al., 2014). Among BMPs BMP2 is 

essential for limb patterning and proper bone formation. BMPs also control MSCs to 

differentiate osteoblasts and BMP activity influences bone formation (Retting et al., 

2009; Yoon and Lyons, 2004). BMP2 is also important in maintaining joint integrity, 

fracture repair, and vascular remodeling (Blaney Davidson et al., 2007b). Over half a 

century of research has demonstrated the importance of BMPs in the formation of 

skeletal framework. Though their functions have been extensively studied, less known 

of their activity at the ECM, cell membrane surface, and receptor activation (Bragdon 

et al., 2011a). BMPs form either homo or heterodimers, with the only exception being 

BMP15 monomers. Divided into the subgroups where heterodimers of; BMP2/5, 
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BMP2/6, BMP2/7, and BMP4/7 were observed in vitro and in vivo. Also these 

heterodimers signal more effectively than homodimers (Israel et al., 1996; Little and 

Mullins, 2009; Sieber et al., 2009). BMPs are grouped based on sequence similarities, 

typically subdivided among four groups: BMP2/4, BMP5/6/7/8a/8b, BMP9/10, and 

BMP12/13/14 (Bragdon et al., 2011a; Mazerbourg and Hsueh, 2006; von Bubnoff and 

Cho, 2001). Studies have demonstrated among BMPs, BMP4, 7, 9, 10, 11 and BMP14 

form complex dimers with their prodomains following cleavage, while BMP2 

prodomain fails to form complex homodimers with itself (Sengle et al., 2008). These 

protein complexes play an important role in a vast number processes including 

development of lung, skin, brain, eye, liver, and kidney (Reddi, 2005; Wagner et al., 

2010).  

In this study I focus on BMP signaling with a special focus on BMP2 as the 

model protein among the vast number of BMP family members. BMP2 is a potent 

inducer of cartilage and bone development (Retting et al., 2009; Yoon and Lyons, 2004). 

Studies also have demonstrated BMP2 induced signaling cascades are essential for the 

stimulation MSC differentiation to osteoblasts in vitro and plays a central role in bone 

formation and bone turnover in vivo (Chen et al., 2012; Jun et al., 2010; Katagiri and 

Takahashi, 2002). However, more recent evidence suggests that it is BMPs role in the 

activation of osteoclasts through their pathophysiological pathways that may play a key 

role in the progression of bone metabolic disorders like osteoporosis (Kanakaris et al., 

2009). Although, studies confirm lowered expression of BMP2 in osteoporotic patients, 
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rhBMP2 treatments of bone marrow stromal cells (BMSCs) did not restore their 

osteogenic potential in aged populations to the degree they were in younger populations 

(Varkey et al., 2006). Interestingly, BMP2 presence in the osteoporotic population lead 

to an increased adipocyte differentiation of BMSCs and accumulation in areas where 

bone was lost (Donoso et al., 2015). Therefore, to consider BMP2 or BMP7 as treatment 

options for osteoporosis we need to understand their underlying mechanisms that are 

involved in the process of bone formation.  

Another reason for BMP2 as a model choice is due to its critical role in the 

development of AC and cartilaginous tissue (Shu et al., 2011). However, BMP2 among 

other growth factors is known  to accelerate overall progression of OA (van der Kraan 

et al., 2010). BMP2 mediated signaling is necessary for the modulation of cartilaginous 

template formation and AC development and are present throughout the chondrocyte 

lineage (van der Kraan et al., 2010). Although the physiological levels of BMP2 are low 

in normal AC they are elevated in times of damage for repair of the tissue. Also true 

during the progression of OA, where the physiological levels of BMP2 are elevated in 

the patellar capsule and the AC leading to the destruction of AC and osteophyte 

formation (Chan and Little, 2012; Nakase et al., 2003; van der Kraan et al., 2009; Zoricic 

et al., 2003). Therefore, it is quintessential to understand the signaling mechanisms to 

find potential therapeutic targets.  
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1.5.1 BMP receptors and signaling 

BMP receptors are transmembrane bound serine/threonine kinase receptors. 

BMP receptors are composed of 10-12 cysteine residues at the extracellular domain, a 

single transmembrane domain and an intracellular domain with serine/threonine kinase 

region (Yamashita et al., 1996). BMP signaling occurs upon the ligand binding to the 

receptor complex of at least one type I and one type II receptor that forms a heteromeric 

complexes to signal downstream. However, these receptors form specific heteromeric 

complexes to signal downstream. There are five known receptors: ALK1 (ACVRL1), 

ALK2  (ActRI), ALK3 (BMPRIa), ALK4 (ActR1b) and ALK6 (BMPRIb); and three 

type II receptors: BMPRII, ActRIIa, and ActRIIb (Bragdon et al., 2011a). BMP ligands 

bind to the specific receptor complexes with varying affinities (Liu et al., 1995).  

Type II receptors are constitutively active kinases, upon binding to BMP they 

form heteromeric complexes with the type I receptor and transphosphorylate it at the 

glycine/serine rich juxtamembrane region, called the GS-box. Upon phosphorylation by 

type II receptor, the type I serine/threonine kinase becomes activated and transduces the 

signal downstream (Itoh et al., 2000). As a result, BMP2 binds to the receptor complexes 

of at least one BMPR type I (ACVRI, BMPRIa, BMPRIb) and one BMPR type II 

(BMPRII, ActRIIa, ActRIIb) to signal downstream (Bragdon et al., 2011a). BMP2 binds 

to the BMPRIa and this interaction recruits BMPRII to signal downstream (figure 1.6). 

This binding affinity may change depending on the receptor complex that BMP2 binds 
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to form the signaling events that follow (Gilboa et al., 2000; Hartung et al., 2006; Nohe 

et al., 2002).  

 

Figure 1.6 BMP2 receptor signaling. 1) Ligand binding to BMPRIa and BMPRII 

results in 2) phosphorylation of BMPRIa by the constitutively active BMPRII leading 

to the downstream signaling 3) via Smad 1/5/8 and Smad4 or via the TAB/TAK pathway 

that 4) induces either osteogenesis or chondrogenesis through gene regulation. 

1.5.2 BMP2 induced signaling pathways 

BMP2 ligand binding to its receptors initiates BMPRII receptor phosphorylation 

of BMPRIa that signals downstream via either Smad dependent signaling or through 

Smad independent pathways such as TAB/TAK pathway (Hassel et al., 2003). Smad 

dependent signaling pathways are the most studied among BMP signaling pathways. 
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There are eight members of the Smad family of proteins, grouped by their functional 

signaling, consisting of regulatory smads or Smad 1/5/8 for BMP signaling, and Smad2 

and Smad3 for TGFβ signaling. They also consists of I-Smads or the inhibitory Smads 

consisting of Smad 6 (BMP pathways), Smad 7 (TGFβ pathway) and common Smad 

(Co-Smad) Smad 4 (Bragdon et al., 2011a). In BMP signaling through the Smad 

pathway, phosphorylated Smad 1/5/8 bind to and activate Smad 4 that translocates to 

the nucleus where they activate the expression of targeted genes (Massague, 1998).  

Smad 1/5/8 signaling has been demonstrated to be involved in cell growth, 

morphogenesis, apoptosis, development and immune responses. Smad signaling also 

plays a crucial role in chondrogenesis, osteoblastogenesis and adipocyte differentiation.  

Smad independent pathways include but are not limited to Mitogen Activated 

Protein Kinase (MAPK) like p38, or C-Jun N-terminal Kinase (JNK), extracellular 

signal-regulated kinase (ERK), phosphoinositide 3-kinase (PI3K) and nuclear factor 

Kappaβ (NF-κβ) (Bragdon et al., 2011a). Smad independent signaling is activated by 

the ligand binding to the receptor complex that initiates the downstream activation of 

TAK1-TAB1 complex. This complex activates the downstream MAPK or MEK 

pathway involving p38, ERK1/2, AKT-mTOR, JNK pathways (Hata et al., 2003; Lu et 

al., 2007; Nohe et al., 2004a). It has been shown that activation of p38, ERK1/2 and 

JNK regulate gene transcription affecting osteoblast differentiation, adipocyte 

differentiation via p38 mediated ATF-2 activation and apoptosis (Guicheux et al., 2003; 

Hata et al., 2003). BMP2 stimulations can lead to the activation of PI3K, but this 
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particular mechanism remains poorly understood. Activated PI3K phosphorylated 

downstream AKT and mTOR pathways (Sugimori et al., 2005). Similarly, BMP2 

mediates ERK1/2 activation that further activates MEK1/2 (Jun et al., 2010; Lou et al., 

2000).  These pleiotropic functions that BMP2 elicits can be understood due to its 

activation of various signaling cascades. BMP receptor signaling and interacting 

proteins 

1.5.3 BMP receptor signaling and interacting proteins 

 

BMPRIa and BMPRII are primarily found in caveolae and clathrin coated pits 

(CCPs) at the cell membrane. Caveolae flask shaped invaginations present at the plasma 

membrane are made of the scaffolding protein Cav1 that forms the shape (Fujimoto et 

al., 2000; Nohe et al., 2004b). It is demonstrated that BMP signal was regulated by Cav1 

phosphorylation of BMPRII in the vascular smooth muscle cells (Wertz and Bauer, 

2008).  Also shown that BMP signaling occurs favorably through the caveolae while 

CCP being the favorable for the endocytosis function of the BMP receptors (Bragdon et 

al., 2009). More recently, another set of proteins were discovered that interact with BMP 

receptors to regulate their localization and signaling downstream. Proteins that interact 

with BMPRIa and BMPRII are; Adapter protein 2 (AP2), Caveolin-1(Cav1), Protein 

Phosphatase 2A (PP2A), and X linked Inhibitor of Apoptosis Protein (XIAP) 

(Bengtsson et al., 2009; Bragdon et al., 2009; Liu et al., 2009; Nohe et al., 2004b; Nohe 

et al., 2005; Yamaguchi et al., 1999). Those that interact only with BMPRII are; Cyclic 
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Guanosine 3’,5’ Monophosphate dependent Kinase (cGKI), c-src, related to EPS15 

(Epidermal Growth Factor Receptor Path Substrate 15 (EPS15R) and inhibin 

(Schwappacher et al., 2009; Wiater et al., 2006; Wong et al., 2005). Proteins interacting 

only with BMPRIa are BMP associated molecule (BRAM1), Endofin, Smad1/5/8, Tab1 

(Tak1 binding protein), Tak1 (TGFβ activate kinase 1), spliceosome associated protein 

subunit 4 (SAP49), and Casein kinase II (CK2) (Kurozumi et al., 1998; Lu et al., 2007; 

Sapkota et al., 2007; Shibuya et al., 1998; Yamaguchi et al., 1999; Zhang et al., 2009). 

In this study I focus on CK2 and its implication in the development of novel 

mimetic peptides that block the interaction with BMPRIa inducing the downstream 

signaling.    

1.5.4 Casein Kinase 2  

Casein Kinase 2 (CK2) a serine/threonine selective protein kinase is 

ubiquitously expressed with over 300 substrates that affect cell growth, proliferation, 

differentiation, apoptosis and tumorigenesis (Duncan and Litchfield, 2008). Primarily 

detected in the nucleus, a fraction of CK2 also have been isolated from the plasma 

membrane, golgi apparatus, endoplasmic reticulum (ER) and ribosomes (Litchfield et 

al., 1996). CK2 Activity however, is localized to the membrane associated cell fractions 

(Litchfield et al., 1996). It has been demonstrated that the pleckstrin homology domain 

CK2 interacting protein-1 (CKIP-1) is responsible for the recruitment of CK2 to the 

plasma membrane. CK2 is a tetramer complex that consists of two catalytic subunits (α 

or α’) and two regulatory β subunits (Litchfield, 2003; Olsten et al., 2004). The two β 
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subunits are inactive but is essential for the assembly of CK2 complex as well as 

recruitment and docking of CK2 subunits. CK2β recruits and enhances the catalytic 

activity of CK2α (Litchfield et al., 1990). This active complex is responsible for the 

phosphorylation of targeted substrates at serine, threonine and tyrosine residues 

surrounded by the acidic sequence of the proteins. These CK2 enzyme complex is also 

essential for the transcription and translation of various proteins necessary for the 

activation of gene transcription, signal transduction, protein synthesis, and cytoskeleton 

and structural protein formation (Allende and Allende, 1995; Yamaguchi et al., 1998). 

Therefore, CK2 is an important kinase in a variety of cellular processes including 

control of cell cycle, cell motility, embryogenesis, cell differentiation and apoptosis.  

Nohe lab previously demonstrated a novel interaction between BMPRIa and 

CK2. Upon BMP2 binding to the BMP receptor complex BMPRII phosphorylates 

BMPRIa at the GS box (glycine/serine rich region of the type I receptor), which leads 

to the release of CK2 from the receptor to activate the downstream signaling (Bragdon 

et al., 2010). A representative schematic is shown in (figure 1.7). It was shown through 

immunoprecipitation assays that CK2 interaction with BMPRIa was lost upon ligand 

binding to the receptor to signal downstream. Therefore, based on this we performed an 

in depth prosite search across the BMP receptor complexes that included pattern of high 

probability of CK2 binding sites and yielded three possible CK2 phosphorylation sites 

on the type I receptors. These sites were located at the amino acid residues of 213-217 
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(SLKD), 324-328 (SLYD) and 466-469 (SYED) (Bragdon et al., 2011b; Bragdon et al., 

2010).  

 

Figure 1.7 BMP2 ligand receptor complex releases CK2. 1) Upon BMP2 binding to 

BMPRIa and BMPRII receptor complex, 2) CK2 is released from BMPRIa interaction 

sites allowing for the constitutively active BMPRII to phosphorylate BMPRIa 3) to 

signal downstream. 

1.5.5 Design of the CK2 peptides  

We designed peptides that would stop the interaction of CK2 to the BMPRIa by 

mimicking the CK2 binding sequence on the BMPRIa receptor, peptides include an 

Antennapedia homeodomain signal sequence for the cellular uptake and incorporated 

one of the following CK2 binding site sequences labeling them as; CK2.1 (SYED), 

CK2.2 (SLYD), CK2.3 (SLKD). These peptides also included several amino acid 
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residues flanking each side, creating a total length of 27 amino acids (CK2.1) and 29 

amino acids for CK2.2 and CK2.3 (Bragdon et al., 2011b). These blocking peptides 

successfully activate the BMP signaling pathway in absence of BMP2 ligand (Bragdon 

et al., 2011b). Nohe lab has also demonstrated the effect of CK2.3 in calvarial bone 

formation of mice in vivo and CK2.2 in adipogenic regulation in vitro in C2C12 cells 

(Bragdon et al., 2011c; Moseychuk et al., 2013).  This study looks at the effect of 

peptides CK2.3 (Akkiraju et al., 2015) and CK2.1 and their activity in activating the 

BMPRIa downstream signaling and their consequential effects on MSC differentiation 

discussed in chapters 2,3, and 4. This study provides us a unique opportunity to observe 

the various responses induced by the BMP signaling that is responsible for the 

physiological outcome. It also gives us a window of opportunity in the designing of new 

age therapeutics for targeting musculoskeletal disorders as osteoporosis and 

osteoarthritis.  
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SYSTEMIC INJECTION OF CK2.3, A NOVEL PEPTIDE ACTING 

DOWNSTREAM OF BONE MORPHOGENETIC PROTEIN RECEPTOR 

BMPRIA, LEADS TO INCREASED TRABECULAR BONE MASS.  

2.1 Background 

Bone is a dynamic tissue that is remodeled through the action of osteoblasts that 

form bone and osteoclasts that resorb bone. However, the action of these cells must be 

balanced to maintain skeletal integrity.  Continued increase in osteoclast activity over 

decreased osteoblast activity leads to decreased bone mass and metabolic bone diseases 

such as osteoporosis (Boyle et al., 2003; Ferguson et al., 2003; Marie and Kassem, 

2011). Most of the therapeutic agents that protect the skeleton block osteoclastogenesis 

and osteoclast activity while only a few drugs promote bone formation. Among these 

are growth factors like bone morphogenetic proteins (BMPs). BMP2 is a potent 

stimulator of bone formation that enhances osteoblastogenesis and is approved for 

clinical use in healing of long bone fractures (Marie and Kassem, 2011). However, long 

term BMP2 usage has been shown to increase osteoclastogenesis and osteoclast activity, 

reducing the anabolic effects of BMP2 and raising concerns that bone loss could 

increase due to this catabolic action (Jensen et al., 2010). We recently identified a novel 

Chapter 2 
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BMP type I receptor (BMPRIa) interacting protein, Casein Kinase 2 (CK2), that is 

released upon BMP2 stimulation (Bragdon et al., 2009). CK2 is a highly conserved, 

constitutively active, ubiquitously expressed enzyme with more than 300 substrates that 

regulates cell growth, proliferation, differentiation, apoptosis, and tumorigenesis 

(Litchfield, 2003).  

We have designed a peptide, CK2.3 that blocks the interaction of CK2 with BMPRIa 

and contains an Antennapedia Homeodomain (HD) signal sequence for cellular uptake 

and localization to their respective binding sites (Bragdon et al., 2011b; Bragdon et al., 

2010). We previously reported that subcutaneous injections of the CK2.3 peptide 

induces bone formation and increases the Mineral Apposition Rate (MAR) in mice 

calvaria (Bragdon et al., 2011b). CK2.3 stimulations also resulted in decreased 

osteoclast activity in vitro (Bragdon et al., 2010). Mutation of the CK2.3 site (MCK2.3) 

on BMPRIa in C2C12 cells increased mineralization by these cells through the ERK 

pathway (Moseychuk et al., 2013). In this study I investigate the effect of CK2.3 on 

bone formation by systemic injection in vivo and its potential mechanism in vitro and in 

vivo.  

2.2 Materials and Methods  

2.2.1 Mouse injections  

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). 

At eight weeks of age, female C57BL/6J mice (n=7/group) were injected in the tail vein 
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once a day for five consecutive days with CK2.3 (2.3µg/kg per mouse), BMP2 (5µg/kg 

per mouse) or 50µl of PBS as a vehicle control. The dosage equal to the 1:2.5 molar 

ratio of BMP2:CK2.3 concentrations was based on previous experiments. The Nohe lab 

found that 100nM CK2.3 responded similarly to 40nM BMP2 (Bragdon et al., 2011b; 

Bragdon et al., 2010) . Three weeks after the initial injections, new bone formation was 

labeled by 100µl of calcein green (12mg/ml) via intraperitoneal injections. Five days 

later, second label of 100µl calcein green (12mg/ml) was injected intraperitoneally. 

Mice were euthanized by CO2 two days later and the femurs were isolated and fixed 

using 10% neutral buffered formalin. Blood from all animals of each group was 

collected through the peri-orbital sinus of the mouse at 2nd and 4th week after the last 

injection for anabolic and catabolic bone marker analysis. 

2.2.2 Alkaline phosphatase activity  

Serum ALP activity was measured as described (Dimai et al., 1998). Briefly, 5 

µl of the serum was mixed with 295 µl of assay solution (1mM magnesium chloride, 

10mM PNPP, 150mM sodium carbonate buffer (pH 10.3), and 10mM L-phenylalanine 

to inhibit circulating intestinal ALP activity). Serum samples were pooled and loaded 

onto one plate. The plate was protected from light and incubated at 37ºC for 15-30 min 

and read in triplicate at 405/410nm. Results were normalized to time 0 (Dimai et al., 

1998; Ferguson et al., 2003). 
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2.2.3 TRACP-5b assay  

Serum TRACP-5b levels were quantified using the Mouse TRACP-5b ELISA 

kit from TSZ ELISA (Framingham MA) and followed the provided manufactures 

procedure. All samples were run on one plate in triplicate. 

2.2.4 Osteocalcin assay  

Serum osteocalcin levels were quantified using Mouse osteocalcin ELISA kit 

from Biomedical Technologies Inc. (Stoughton MA) as per manufacturer’s protocol. 

Serum and cell samples were run in triplicates. For cells three different experiments 

were performed. 

2.2.5 Von Kossa Staining  

Bone Marrow Stromal Cells (BMSCs) were extracted (Liao et al., 2008) and 

were plated at cell density of 1X106 cells/cm2 in 35mm dishes using plating media for 

7 days (Bragdon et al., 2011b). Cells were grown to 90% confluence in plates and serum 

starved overnight before treatment. The next day cells were treated as noted per 

individual experiment with CK2.3 (100nM) or BMP2 (40nM). After 7 days the cells 

were washed with cold PBS pH7.4, fixed using 4% (w/v) paraformaldehyde for 10 

minutes, and washed with cold PBS pH7.4 again to remove remnants of fixative. Von 

Kossa stain; (5% (w/v) silver nitrate was diluted in dH2O and treated to the fixed layer 

of cells under UV light for 30 minutes as previously described (Bragdon et al., 2010).  

These areas were analyzed by taking at least 10 random high magnification images of 
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each well of treatment with a Nikon TMS automatic mode with phase 1 with a 20 x 

objective. Data was then quantified with the use of ImageJ (NIH, Bethesda), where 

images were converted to 8 bit and the threshold was set to the positive control. The 

same threshold was used for all treatments in an individual experiment. The surface area 

of the stain was quantified by using the “analyzing particles function” a function of 

ImageJ that can be used to calculate areas of black which represented mineralization. 

Samples were run in triplicates and at least 5 images per well were obtained for analysis. 

2.2.6 Isolation of BMSCs  

Mice were obtained from Charles River. BMSCs were collected from tibias and 

femurs of age matched female mice. At eight weeks, mice were sacrificed by CO2 and 

the hind limbs were removed. In sterile conditions, tibia and femur were cleaned and 

the bone marrow was isolated by flushing the marrow with MEM alpha supplemented 

with 1% penicillin/streptomycin and 10% FBS. Cells were counted and plated at 10x105 

cells. Primary cultures were grown in MEM alpha (Gibco, Carlsbad, California) 

supplemented with 1% penicillin/streptomycin and with 10% FBS for seven days at 5% 

CO2 and 37°C. Serum starvation started at 7 days in culture. The media was changed on 

day 3 and then every other day after that. Samples were run in triplicates and at least 5 

images per well were obtained for analysis. 
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2.2.7 Calvarial Osteoblast Isolation  

Calvaria were dissected from newborn mice (6-9 days old) and maintained in 

sterile conditions. Sutures were removed and the calvaria were subjected to four 

sequential 15 minute digestions in an enzyme mixture of collagenase P 1.5U/ml (Sigma-

Aldrich) and 0.05% trypsin at 37°C. The cell fraction from the first digestion was 

discarded and the fractions 2-4 were collected and chilled using equal volumes of cold 

media (DMEM, 10% FBS, 1% penicillin/ streptomycin). The remaining fractions were 

pooled, centrifuged, and resuspended in media and filtered through a 70mm cell strainer. 

Cells were plated at a density of 1.5x104 cells/cm2 in 35-mm culture plates in DMEM 

containing 10% FBS. Twenty-four hours later medium was exchanged and 3 days later 

cultures were changed again. At 7 days of culture, the medium was changed and serum 

starved for 12 hours before being put in to differentiation medium (α-MEM containing 

10% FBS, 25 mg/ml ascorbic acid, and 4 mM ß-glycerophosphate) as well as the 

appropriate stimulation BMP2 (40nM) or CK2.3 (100nM) or PBS (Bragdon et al., 

2011b). Samples were run in triplicates and at least 5 images per well were obtained for 

analysis. 

2.2.8 Osteoclasts Isolation 

 Primary pre-osteoclasts were isolated from the spleens of five female C57BL/6J 

mice as described in (Bragdon et al., 2011b). Briefly, three cuts were made in the spleens 

in order to remove cells using a 26-gauge needle with plating media (alpha-MEM, 10% 

FBS, and 1% penicillin/streptomycin). Cells were centrifuged at 1000 rpm for five 
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minutes at 4°C. The pellet was resuspended in osteoclast media (50mL plating media, 

10µl RANKL (0.25µg/µl) and 6µl m-CSF (0.25µg/µl) from Pepro Tech, NJ, USA) and 

plated at 1X106 cells/cm2 on bone chips in 48 well plate. On day seven media was 

changed and cells were stimulated with peptide CK2.3 (100nM) or BMP2 (40nM) for 7 

days. Samples were run in triplicates and at least 5 images per well were obtained for 

analysis.   

2.2.9 TRAP Staining  

Cells were fixed with 4% paraformaldehyde and stained using the Sigma-

Aldrich kit, 387A, following the manufacture’s procedure. Once cells were dried images 

were taken using a NikonTMS (model TMS-F #211153). Three random images per well 

per treatment were taken and images were quantified using ImageJ to calculate the 

number of osteoclasts per cell. The treatments were then normalized to the control. 

Osteoclasts were identified as multinucleated cells. Samples were run in triplicates and 

at least 5 images per well were obtained for analysis. 

2.2.10 Osteoclast Resorption Activity  

Cells plated on bone slices were removed using hypoxic conditions followed by 

staining for 10 seconds with hematoxylin solution Gill No 3 from the 387A kit from 

Sigma-Aldrich. Images were taken using a Nikon TMS (model TMS-F #211153) at a 

10x magnification. For each bone chip, the number of pits was counted as described 
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previously (Bragdon et al., 2011b). Samples were run in triplicates and at least 5 images 

per well were obtained for analysis. 

2.2.11 MicroCT40 and pQCT  

Analyses of volumetric bone mineral density (vBMD) and trabecular bone 

volume (BV), tissue volume (TV), trabecular number (Tb.N), and trabecular thickness 

(Trab.th) were measured using MicroCT40 and pQCT as described. Tb.N is the average 

number of trabeculae Tb.Th is the average thickness between each trabeculi and Tb.Sp 

is the space between the trabeculae themselves as described in (Beamer et al., 2012; 

Bouxsein et al., 2004);(Bouxsein et al., 2010).   

2.2.12 Histology  

Femurs collected from mice (n= 7/group) were embedded in MMA as described 

(Bragdon et al., 2011b; O'Brien et al., 2000). Chemicals used for embedding are as 

follows; Methyl Methacrylate (MMA) (Acros, New Jersey, USA), N- Butyl Phthalate, 

and Benzoyl Peroxide (Wet) (Fisher Scientific, Fair Lawn, New Jersey, USA) that is 

dried carefully. All bones extracted from mice were fixed in 10% Neutral Buffered 

Formalin (NBF) for 24-48 hrs at 4oC. Subsequently, bones were washed with PBS and 

dehydrated using serial changes of ethanol gradients at 70% (8 to 16 hours), 70% (8 to 

16 hours), 90% (8 to 16 hours), 95% (8 to 16 hours), 100% (8 to 16 hours), 100% (8 to 

16 hours), 2 changes of 2-propanol (8 to 16 hours each rinse), and 2 changes of methyl 

salicylate (4 hours each). Samples were infiltrated in order, first with MMA I (765ml 
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MMA + 140ml n-Butyl Phthalate) at room temperature for 48 hours, next MMA II 

(765ml MMA + 140ml n-Butyl Phthalate + 9.0g Dry Benzoyl Peroxide) at 4C for 48 

hours, and last in MMA III (765ml MMA + 140ml n-Butyl Phthalate + 17.75g Dry 

Benzoyl Peroxide) at 4oC for 48 hours. Polymerized blocks were trimmed and sectioned 

at 200µm using (10.2cm X 0.3mm) Beuhler diamond watering blade and sanded down 

to even the surface. All samples were bisected longitudinally through the interchondular 

notch to separate medial and lateral condyles making sagittal plane cuts, with 3 or 4 

slices per femur.  

2.2.13 Immunostaining  

Sectioned (n=7 per group) samples were imaged for Calcein using Zeiss LSM 

780; plan Apochromat 20X (0.75NA, Main Beam Splitter (MBS) 488, 7% laser power). 

Calcein labelled sections were used to quantify Mineral Apposition Rate (distance 

between the labels/time between labels).  Immunostaining of plastic embedded samples 

(n=3 per group) was performed by modification and optimization of this protocol 

(O'Brien et al., 2000). Samples were pretreated in testicular hyaluronidase for 30 

minutes at 37oC followed by blocking with 3% BSA for one hour. Samples were labeled 

for 2 hours at room temperature with 2µg/ml of Antennapedia homeodomain antibody 

(Genetex, Irvin, CA, USA) followed by 4 µg/ml of Alexa 546 goat anti rabbit 

(Invitrogen, Eugene, OR, USA). Samples were imaged using Zeiss 510 NLO; Plan 

Apochromat 20X (0.8NA), Filters Long Pass (LP) 560, laser excitation of 543 nm, 

10.9% laser power along with DIC filter. Smad1,5, and 8 and p-ERK labelling, samples 
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were incubated for 2 hours at room temperature with either 40ng/ml of Rabbit 

Polyclonal Smad 1/5/8 IgG (Santa Cruz Biotech, CA, USA) followed by 4 µg/ml Alexa 

546 goat anti-rabbit (Invitrogen, Eugene, OR, USA) or 2µg/ml mouse monoclonal 

p44/p42 MAPK (ERK1/2) antibody (cell signaling, MA, USA) preconjugated with 4 

µg/ml of Alexa 633 goat anti-mouse IgG (Invitrogen, Eugene, OR, USA) for 1 hour and 

counterstained with Hoechst stain for 10 minutes. Samples were imaged using Zeiss 

LSM 510 NLO; with Plan Apochromat 20X/0.8, two photon excitation with Titanium: 

Sapphire (Ti:Al2O3) laser at wavelength 790 nm and Helium Neon (HeNe2) laser set at 

excitation 633 nm; both set to 35% power. Filters LP 560, LP 650, Band Pass (BP) 500 

– 550IR and BP 390-465IR. Femurs were bleached to identify marrow cavities using 

auto fluorescence. Images were processed using ImageJ. Samples were run in triplicates 

and at least 8 images per well were obtained for analysis.    

2.2.14 Statistical Analysis  

Data were analyzed by ANOVA, followed by Tukey-Kramer post-hoc analysis. 

Maximum of three outliers were removed using the Chauvenets Criterion, but minimum 

number of samples required for statistical significance were used for the following 

analysis. Error bars represent standard error of the mean (SEM), where * denotes 

(p<0.05) and ** denotes (p<0.01) statistical significance. 
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2.3 Results 

2.3.1 CK2.3 induces osteogenesis in primary calvaria as well as in BMSCs 

isolated from 8 week old mice  

Nohe has previously shown that CK2.3 induces mineralization in C2C12 cells, 

a myogenic cell line (Bragdon et al., 2011b; Bragdon et al., 2010). However, I still 

needed to determine the effect of CK2.3 on primary bone cells such as calvarial 

osteoblasts and BMSCs. First I measured osteocalcin, a marker for osteogenesis 

secreted by osteoblasts. Osteocalcin levels were increased in CK2.3 and BMP2 treated 

cells compared to control (Fig 2.1 A, B). Next I determined the effect of CK2.3 on 

mineralization of isolated calvarial cells and BMSCs by von Kossa staining (Fig 2.2). 

Both BMP2 and CK2.3 significantly increased mineralization above that of vehicle and 

HD controls. CK2.3 significantly increased mineralization over that of BMP2 treatment 

in isolated calvarial cells  
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Figure 2.1 CK2.3 stimulation of primary cells led to increased Osteoclacin levels. 

Osteocalcin levels are increased in the supernatant of A) calvaria cells and B) BMSCs 

stimulated with PBS, HD (Antennapedia Homeodomain), 40nM BMP2, and 100nM 

CK2.3. At least 3 independent experiments were performed. Error bars represent SEM 

(* p< 0.05). 
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Figure 2.2 CK2.3 stimulation of primary calvarial and BMSCs led to increased 

mineralization. A) Primary calvarial cells and B) BMSCs stimulated with PBS, HD 

(Antennapedia Homeodomain), 40nM BMP2, and 100nM CK2.3. 3 independent 

experiments were performed. Error bars represent SEM (** p< 0.01). 

2.3.2 In vivo effects of CK2.3 on serum bone specific markers  

To determine if bone remodeling was altered in mice systemically injected with 

CK2.3, I first examined changes in the serum levels of the osteoblast activity markers, 

alkaline phosphatase (ALP) and osteocalcin, and the osteoclast activity marker, TRACP 

5b. ALP (Figure 2.3A) and osteocalcin (Figure 2.3B) were significantly increased in 

CK2.3 injected mice, but were not significantly elevated in BMP2 treated or PBS 

control mice. Further, only the CK2.3 injected mice showed significant reduction in 

TRACP 5b levels (Figure 2.3C). Interestingly, BMP2 showed increase levels of TRACP 

5b even 4 weeks after injection. These studies suggest that CK2.3 increases bone 

formation without the subsequent increase in osteoclast activity seen in BMP2 treated 

animals.  
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Figure 2.3 Systemic injection of CK2.3 led to increased ALP and Osteocalcin serum 

levels, while TRACP 5b serum level was decreased. Serum analysis of mice injected 

with CK2.3, BMP2, and PBS at weeks 0, 2 and 4 for A) ALP, B) osteocalcin, C), 

TRACP5b.  Blood from mice (n=7/group) were pooled and analysis was performed. 

Error bars represent SEM (* p< 0.05). 

2.3.3 Altered bone architecture and density in mice treated with CK2.3  

To determine changes in trabecular and cortical bone structure and density in 

mice treated with CK2.3, I imaged mice treated with CK2.3, BMP2, or PBS control 

using pQCT and MicroCT. Mice injected with either BMP2 or CK2.3 demonstrated a 

significant increase in trabecular BMD (Figure 2.4A.), but no change in cortical BMD 

was detected (Figure 2.4B). MicroCT measurements revealed increases in bone volume 

fraction, the number of trabeculi (Tb.N), trabecular thickness (Tb.Th), and decreases in 

trabecular spacing (Tb.Sp) (Figure 2.4C). These data were supported by histological 

measurements of bone formation using Calcein labeling measurements in femurs of 

CK2.3, BMP2, and PBS injected mice (Figure 2.4C). These histological measurements 

also revealed higher MAR in CK2.3 injected mice compared to PBS injected mice 

(Figure 2.4C). 
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Figure 2.4 CK2.3 increased trabecular BMD as measured by pQCT and MicroCT. 

pQCT and MicroCT analysis of femurs from mice injected with PBS, CK2.3 and BMP2 

(n=7/group).  A) Trabecular Bone Mineral Density, B) Cortical Bone Mineral Density 

C) MicroCT analysis and Calcein labelling of bone to determine MAR. (Top panel) 

Representative rendering of trabecular bone architecture (middle panel) calcein 

labeling. The white bar in middle panel represents bone growth over time. Error bars 

represent SEM (* p< 0.05). 
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2.3.4 SMAD and ERK in vivo signaling with CK2.3 treatment 

BMPs mediate their actions through both Smad and Smad-independent signaling 

pathways to enhance osteogenesis (Ryoo et al., 2006). In order to identify CK2.3 

induced signaling in bone formation I stained MMA embedded femur slices for Smad 

1,5,8 and p-ERK to determine which pathway was prevalent in CK2.3 signaling. 

Osteoblasts lining the marrow cavity (MC), known as the lining cells (LC) aid in 

mineralization of the trabecular bone (TB). Osteoblasts and osteocytes (OT) actively 

expressed p-ERK in CK2.3 injected mice post 4 weeks (Fig 2.5). However, I did not 

observe p-ERK expression in femur samples of BMP2 and PBS injected mice (Fig 2.5). 

These data suggest that ERK is activated in CK2.3 injected mice 4 weeks after the final 

injection.   
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Figure 2.5 Injection of CK2.3 into mice led to an increase in p-ERK. Bone in 

combination with a nuclear stain was used to determine the cell type (LC=Lining Cells, 

OT=Osteocytes) and location (MC= Marrow Cavity, TB=Trabecular Bone) within the 

bone (green, blue). A) Femurs from PBS, BMP2, CK2.3 injected mice (n=3 per group) 

fluorescently labelled for the nucleus in blue, Smad in red followed by the overlay. B) 

Femurs from PBS, BMP2, CK2.3 injected mice (n=3 out of 7/group) fluorescently 

labelled for the nucleus in blue, p-ERK in magenta followed by the overlay. Sections 

were imaged in the Trabecular Bone (TB) around Marrow cavity where the Lining cells 

(LC) or the active osteoblasts reside alongside of osteocytes (OT) indicated by arrows. 

Immunostaining shows increased p-ERK in CK2.3 injected as indicated by the arrows 

but not Smad1,5 and 8. p-ERK was not observed in PBS, and BMP2 injected mice. 

Scale bar representing 50µm. 

2.3.5 CK2.3 decreases osteoclastogenesis and osteoclast activity  

Next I determined if CK2.3 injected mice exhibit decreased osteoclastogenesis 

and osteoclast activity (Fig 2.6A, B). While increased osteoclast activity was observed 

in PBS and BMP2 injected mice, it was decreased in mice injected with CK2.3. This 

was correlative to the TRAC5b levels. These data are in accordance to previously shown 

data demonstrating reduced osteoclastogenesis and osteoclast activity in CK2.3 

stimulated cultures (Bragdon et al., 2011b). 



 58 

 



 59 

Figure 2.6 Injection of CK2.3 into B6 mice caused decreased osteoclast activity (A) 

and osteoclastogenesis (B) in osteoclasts isolated from the spleen. Spleen cells isolated 

from CK2.3, BMP2, and PBS injected mice are seeded on (A) Bovine femoral bone 

chips (n = 6 per treatment) and (B) cultured in 1.9cm2 dishes (n = 6 per treatment) using 

osteoclast differentiation media. Measured for (A) osteoclast activity in pit formations, 

and (B) number of differentiated osteoclasts and were normalized to the control. At least 

three independent experiments were performed from spleen cells isolated from mice 

(n=7/group). Error bars represent SEM (* p< 0.05). 

2.3.6 Peptide CK2.3 localized to marrow cavities 

Post 4 weeks of CK2.3 injections in mice via the tail vein, mice femurs were 

extracted and embedded in MMA. These femur samples were bisected longitudinally 

across the sagittal plane for analysis of the trabecular architecture between PBS, BMP2, 

and CK2.3 injected mice. Here I wanted to know whether the CK2.3 localization affects 

the overall bone growth. What I discovered upon immunostaining for the antennapedia 

homeodomain as system to detect the peptide, is peptide CK2.3 is localized to the 

marrow cavities. This may explain how the peptide could have been trafficked through 

the blood to the marrow cavity to enhance osteoblastogenesis through the MSCs of the 

marrow cavity (Fig 2.7). This also an important aspect to be noted as I was able to pick 

up the peptide homing signal post 4 weeks of the injections.  
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Figure 2.7 Peptide CK2.3 is detectable in the mice femurs. A) Sections of femurs 

from PBS and CK2.3 injected mice were stained with antibody recognizing the 

antennapedia homeodomain (HD) (n =3 per group). To determine whether CK2.3 was 

delivered to the femur, femur samples were fixed, embedded and sectioned on the 

sagittal plane as described previously. Sections from three separate CK2.3 injected or 

PBS control (n = 3 per group) mice were then fluorescently stained with an antibody 

against HD sequence located at the N-terminus of the CK2.3 peptide. Left 

immunostained bone sample for the HD (Sequence at N-Terminus of CK2.3), right DIC 

image of bone area. B) Fluorescent intensity quantified using ImageJ. Error Bars are 

SEM. * p<0.05.   
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2.4 Discussion 

The discovery of Bone Morphogenetic Proteins revolutionized orthopaedic 

treatment of non-union fractures and bone loss. Injection of BMP2 significantly 

increases osteogenesis through increasing osteoblast production and stimulating these 

osteoblasts to increase bone formation. Previous work also showed that systemic 

delivery of 5µg/kg BMP2 resulted in increased bone formation in mice after 20 days 

(Turgeman et al., 2002). However, there are drawbacks to BMP2 treatment. Including 

the limited half-life of BMP2 and its role in osteoclastogenesis and bone resorption. 

Recent data suggested that BMP2 induces osteoclast activity (Jensen et al., 2010) and 

may cause increased bone turnover in the long term (Canalis et al., 2012). Here, I studied 

the effects of a novel mimetic peptide, CK2.3. CK2.3 acts downstream of BMPRIa and 

activates BMP2 signaling by releasing CK2 from BMPRIa. Although CK2.3 activates 

the Smad signaling pathway we previously showed that ERK activation is crucial for its 

function (Moseychuk et al., 2013). In this study I found significant differences between 

BMP2 and CK2.3 treatments both in vitro and in vivo. Injection of BMP2 and CK2.3 

resulted in an increase in BMD and bone formation. This was shown by a decrease in 

trabecular spacing and a slight increase trabecular thickness though not significant to 

controls. Also the number of trabeculi was increased. Calcein injections demonstrated 

that within the last week of injection the MAR of CK2.3 and BMP2 were increased. 

However, my data suggest the mechanism of action may be different. CK2.3 but not 

BMP2 injection led to increase ALP and osteocalcin serum levels. These data suggest 

that osteoblast activity is increased in the CK2.3 injected mice after two weeks. Since 

BMP2 mice also showed increased BMD the increase in ALP and osteocalcin may have 

taken place at a different time point. This is correlative of non-systemic adenoviral 

infections of BMP2 resulting in increased ALP and osteocalcin (Tsuda et al., 2003).  
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Moreover, CK2.3 injection decreased TRACP 5b serum levels, suggesting a decrease 

in osteoclastogenesis. Interestingly, at 4 weeks TRACP 5C levels are similar to control, 

while BMP2 still showed high TRACP 5b level. This data was supported by the in vitro 

studies showing that CK2.3 treatment reduced osteoclast differentiation and decreased 

activity. While BMP2 decreased osteoclast differentiation, there was an increase in 

osteoclast activity. Previous research showed that BMP2 increases osteoclastogenesis 

in cultures (Itoh et al., 2001). I did not observe this increase. This effect may be caused 

by using spleen cultures instead of BMSCs to differentiate osteoclasts. My data further 

demonstrated that CK2.3 was delivered to the femur and could be detected at the end of 

the study (Fig 2.7). This indicates the effects of CK2.3 were not caused by a breakdown 

of the peptide and suggests a longer half-life than that of BMP2. 

My study also uncovered the possible mechanism of bone formation induced by 

CK2.3. Immunostaining of femurs of CK2.3, but not BMP2 or PBS injected mice 

resulted in increased p-ERK levels in osteoblasts and osteocytes. This effect was 

confirmed by previous in vitro data. Overexpression of a mutant lacking the CK2.3 

phosphorylation site lead to increased mineralization in vitro (Moseychuk et al., 2013). 

Using an ERK inhibitor this effect was negated. Taken together my immunostaining 

data suggest that activation of ERK is important for CK2.3 signaling. ERK signaling 

was shown to play an important role in Runx2 regulation, osteoblast differentiation, and 

skeletal development (Ge et al., 2007). However, little is known of BMP induced ERK 

signaling in bone formation in vivo. Mechanisms regulating these BMP induced 

pathways in bone formation remain unidentified. Furthermore, organ and blood analysis 

from mice did not demonstrate any signs of toxicity maintaining similar weights 

throughout these injected groups. All serum marker levels were within the normal 
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ranges as explained (Akkiraju et al., 2015; Boehm et al., 2007; CharlesRiver, 2012; 

Mazzaccara et al., 2008). In summary, I demonstrated the effect of the novel mimetic 

peptide of BMPRIa, CK2.3, as a mediator of osteogenesis and potent inducer of bone 

formation, without the secondary effects of osteoclastogenesis. This is in sharp contrast 

to BMP2 that enhanced both osteogenesis and osteoclast activity. 
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CK2.1, A NOVEL PEPTIDE, INDUCES ARTICULAR CARTILAGE 

FORMATION IN VIVO 

3.1 Background 

 Growth factors greatly influence the development and behavior of articular 

chondrocytes. Among these growth factors Bone Morphogenetic Proteins (BMPs), 

especially Bone Morphogenetic Protein 2 (BMP2), drives the development and 

maintenance of articular chondrocytes (Schmitt et al., 2003). BMP2 is a potent growth 

factor consisting of many pleiotropic functions, and plays a crucial role in the formation 

of the articular cartilage (AC) (Shu et al., 2011; van der Kraan et al., 2010). It drives the 

development of cartilage and induces the differentiation of mesenchymal progenitor 

cells (MPCs) into chondrocytes (Bragdon et al., 2010; Senta et al., 2009). It also plays 

a role in the maintenance of mature articular chondrocytes (Schmitt et al., 2003). One 

of the major drawbacks for the use of BMP2 as a therapeutic is that BMP2 affects all 

stages of chondrocyte differentiation.  As a result, its known to induce chondrocyte 

hypertrophy followed by cartilage calcification (van der Kraan et al., 2010). Therefore, 

BMP2 may not be valuable as a therapeutic for cartilage formation or for cartilage 

restoration in degenerative diseases such as osteoarthritis (OA).  

Chapter 3 
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BMP2 signals through binding to type I and type II serine/threonine kinase 

receptors. Upon ligand binding type I receptor is phosphorylated by the constitutively 

active type II receptor at the GS box (glycine/Serine rich region) to initiate downstream 

signaling (Bragdon et al., 2010). Nohe lab previously reported that the protein Casein 

Kinase II (CK2) interacts with the Bone Morphogenetic Protein Receptor type Ia 

(BMPRIa) (Bragdon et al., 2010). Binding of BMP2 to BMPRIa releases CK2 and 

activates  the Smad 1/5/8 pathway (Bragdon et al., 2010) (fig 3.1). Nohe lab has 

designed three peptides CK2.1, CK2.2, CK2.3 that inhibit the binding of CK2 to 

BMPRIa and activate the BMP signaling pathway in the absence of BMP ligand 

(Bragdon et al., 2010). Treatment of C2C12 cells with the peptide CK2.3 resulted in 

osteogenesis, while stimulation of C2C12 cells with CK2.2 resulted in adipogenesis and 

osteogenesis (Akkiraju et al., 2015; Bragdon et al., 2011b). Mutation of the CK2 

phosphorylation sites on BMPRIa confirmed these effects (Moseychuk et al., 2013). 

Moreover, CK2.3 and CK2.2 activate the Smad and ERK1/2 signaling pathway 

(Bragdon et al., 2011b). Recent work also showed that CK2.3 induced bone formation 

in C57BL/6J mice, leads to increased Bone Mineral Density (BMD) and mineral 

apposition rate (Akkiraju et al., 2015). However, current data also show that the peptides 

CK2.3 and CK2.2 are more specific in the activation of the non-canonical BMP 

signaling pathways (Moseychuk et al., 2013).  Since BMP2 signaling is also a major 

pathway activated during cartilage formation and growth, I evaluated the potential of 

the peptides to induce chondrogenesis and articular cartilage formation in vitro and in 

vivo. I found that one of the peptides CK2.1 is a potent inducer of chondrogenesis. 
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Stimulation of C3H10T1/2 cells and adult bovine chondrocytes with CK2.1 led to 

increased proteoglycan synthesis and collagen type II expression. At the end of 3 weeks 

CK2.1 treatments of adult bovine chondrocytes, greatly enhanced collagen type IX 

expression but not BMP2.  In sharp contrast to BMP2 treatments enhanced collagen 

type X production in C3H10T1/2 and bovine chondrocytes and osteocalcin expression 

in C3H10T1/2 cells. Furthermore, 3week mRNA profiles of bovine chondrocytes 

treated with CK2.1 demonstrated a positive chondrogenic mRNA production shown by 

enhancing as SOX9, CREB, and ACAN. However, BMP2 treatments enhanced MEF2C 

marker of chondrocyte hypertrophy. Systemic injection of CK2.1 led to increased 

articular cartilage formation. Again in contrast to BMP2 CK2.1 did not induce collagen 

type X expression, however it led to increased collagen type IX expression in vivo. 

Moreover, injection of CK2.1 into the tail vein of mice did not lead to an increase in 

Bone Mineral Density as measured by pQCT. Taken together these data suggest that 

CK2.1 induces articular cartilage formation without induction of hypertrophy. 



 67 

 



 68 

Figure 3.1 Proposed mechanism of action of the peptide CK2.1. A) Demonstrates the 

known mechanism of BMP2 mediated BMPRIa activation described according to the 

literature as follows: 1) Ligand binding to the BMPRIa and BMPRII receptor complex 

leads to the 2) release of CK2 allowing for phosphorylation of 3) downstream signaling 

to induce chondrogenesis. B) Schematic illustrates the possible mechanism of peptide 

through the activation BMPRIa downstream signaling as follows: 1) Peptide CK2.1 

blocking of CK2 interaction to BMPRIa leads to 2) downstream signaling to induce 

chondrogenesis. 

3.2 Materials and Method 

3.2.1 Mouse injections 

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) 

and maintained under conventional conditions. The animal protocol was approved by 

IUCAC at the University of Delaware. Eight week old female mice (C57BL/6J) were 

injected with peptides diluted in PBS via the tail vein at eight weeks of age (n=7 per 

group). A volume of 50 µl was injected for 5 consecutive days. CK2.1 injections were 

performed at a concentration of 1.7µg/kg. As a positive control BMP2 was injected at a 

concentration of 5µg/kg. Systemic delivery of 5µg/kg BMP2 for 20 days was shown 

previously to increase bone formation in mice (Turgeman et al., 2002). The ratio of 

BMP2 to CK2.1 peptide is based on the fact that 40nM BMP2 showed similar effects 

as 100nM CK2.1 in vitro (Bragdon et al., 2011b). As a negative control PBS was 

injected into mice. 
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3.2.2 Cell Culture 

C3H10T1/2 cells were used as they are a well-established model for 

chondrogenesis and are responsive to BMP2 (Denker et al., 1999; Shea et al., 2003). 

These cells were purchased from American Type Culture Collection (CCL-26) 

(Manassas, VA) and monolayer cultures were maintained in T-75 flasks grown in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech, Manassas, VA) 

supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Gemini Bioproducts, West 

Sacramento, CA), 0.5% (v/v) L-Glutamine (Mediatech, Manassas, VA), and 1% (v/v) 

penicillin/streptomycin (100IU/ml penicillin, 100 µg/ml streptomycin (Fisher 

Scientific, Pittsburg, PA). Cultures were incubated at 37°C and 5% CO2, and cells were 

passaged at 90% confluency with 0.05% Trypsin-EDTA (Gemini Bioproducts, West 

Sacramento, CA).  

3.2.3 Isolation of primary bovine articular chondrocytes 

Chondrocytes were isolated from articular cartilage of immature calf knees 

obtained from the local butcher shop within 48 hrs of slaughter. Articular cartilage was 

shaved from the articular surface carefully and washed with serum free DMEM 

medium, then minced and digested using collagenase treatment (300units/10ml) 

(Gemini Bioproducts, West Sacramento, CA) in DMEM containing 10%FBS at 37oC 

(Bhardwaj et al., 2011; Kuettner et al., 1982). Cartilage cells digested in DMEM 

containing collagenase were strained with 70m cell strainer (Corning, Durham, NC) 

to minimize clumps, cells were suspended in DMEM with 10% FBS, spun down and 
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seeded on 12-mm glass coverslips in 24-well plates at high density (1 x 106 cells/ml). 

Media was exchanged every four days to maintain cells. Protocol was optimized and 

modified from previously done work (Kerrigan et al., 2006). 

3.2.4 Design of peptides 

  Peptides were designed by the Nohe group as previously described (Bragdon et 

al., 2010).  A prosite search including patterns with high probability of occurrence on 

BMPRIa yielded possible CK2 phosphorylation sites located at amino acids 213-217 

(SLKD), 324-328 (SLYD), and 466-469 (SYED). The peptides were designed with the 

Antennapedia homeodomain signal sequence for cellular uptake and incorporated in one 

these binding sites: CK2.1 (SYED), CK2.2 (SLYD), or CK2.3 (SLKD). The peptides 

included several amino acid residues flanking each side (Bragdon et al., 2010).  

3.2.5 Alcian blue staining 

C3H10T1/2 cells were seeded at 1 x 107 cells/ml and plated as 10µl micromass 

culture in a 1.9 cm2 24 well plate (Nunc, Rocskilde, Denmark). Cells were supplemented 

with DMEM with 10% FBS and incubated at 37°C and 5% CO2. Cells were then 

stimulated with recombinant BMP2 (40 nM, or 200 nM), or the peptides CK2.1, CK2.2, 

and CK2.3 (100nM,) there were purchased from Genscript (Piscataway, NJ, USA). 

Peptide concentrations of 100nM is equivalent to the effect of BMP2 at 40nM, hence 

the experimental setups were stimulated accordingly(Bragdon et al., 2011b) (Denker et 

al., 1999).  
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Seven days after stimulation cultures were fixed using 10% neutral buffered 

formalin (pH7.4) mixed with 0.05% wt/v cetylpyridinium chloride for 20 minutes at 

room temperature. Cells were rinsed three times with 3% glacial acetic acid (pH 1.0), 

and stained using 0.5% Alcian blue 8-GX stain (Life line, Walkersville, MD) overnight. 

After staining cultures were rinsed with 3% glacial acetic acid (pH 1.0) and air dried. 

Stained cultures were viewed under an inverted light microscope (Nikon, TMS-f) using 

20X magnification and the collected images were analyzed and quantified with ImageJ 

software (NIH, Bethesda) (Bruce et al., 2010). Samples were run in triplicates and at 

least 5 images per well were obtained for analysis. 

3.2.6 Von Kossa staining 

C3H10T1/2 cells were seeded at 1x104 cell/cm2 and were grown to 90% 

confluence in 1.9 cm2 24 well plate. These cell were treated with CK2.1 (100nM or 

500nM) and equivalent concentrations of BMP2 (40nM or 200nM). For comparison 

cells were also stained with CK2.2, CK2.3 at 100nM. Von Kossa staining was 

performed as described by Nohe lab previously (Bragdon et al., 2010). Samples were 

run in triplicates and at least 5 images per well were obtained for analysis. 

3.2.7 Smad reporter assay 

C3H10T1/2 cells were cultured on 60 mm dishes to 90% confluence. Prior to 

transfection, cells were serum starved in DMEM media without FBS overnight. Cells 

were transfected with 2µg of plasmids encoding pSBE-luc (Smad Binding Element) 
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tagged firefly luciferase and pRLuc tagged with renilla luciferase (Promega, Madison, 

Wisconsin) using turbofect (Fermentas, Glen Burnie, MD) transfecting reagent, 

according to manufacturer’s protocol, in DMEM media supplemented with 10%FBS. 

The pSBE contains a BMP responsive Smad-Binding Elements as a readout for Smad 

signaling (Jonk et al., 1998; Nohe et al., 2002). After transfection, cells were 

stimulated or not stimulated for 24 hours with 40nM or 200nM of BMP2, 100nM or 

500nMof peptide CK2.1, or 100nM of peptide CK2.2, or CK2.3. Cells were lysed with 

1X passive lysis buffer (Biotium, Hayward, CA) and reporter gene assay was performed 

with a dual luciferase assay kit (30005-2) (Biotium Hayward, CA, USA). 

3.2.8 Quantitative RT-PCR analysis  

Total RNA was isolated after five days from cultured bovine articular 

chondrocytes stimulated with BMP2 (40nM), or peptide CK2.1 (100nM, 500nM). The 

Trizol method was used according to manufacturer’s protocol (Invitrogen). 1 µg of 

mRNA was used to synthesize cDNA by using an iScriptTM cDNA synthesis kit 

(BioRad, Hercules, CA). Quantitative PCR reactions were run in triplicate. Primer sets 

specific for cartilage markers were purchased from Integrated DNA Technologies (IDT, 

Coralville, IA). For primers sets of SOX9, cAMP Responsive Element Binding protein 

(CREB), Cartilage Oligomeric Matrix Protein (COMP), the relative fold change in 

mRNA was compared to housekeeping gene GAPDH. Each sample was run in triplicate, 

cycle threshold values (CT) values were obtained for each gene of interest. Fold change 
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was calculated using comparative CT method, normalizing the target mRNA amount to 

GAPDH according to (Schmittgen and Livak, 2008; Vandesompele et al., 2002).   

3.2.9 Peripheral quantitative computed tomography (pQCT)  

Isolated femur lengths were measured with digital calipers (Stoelting, Wood 

Dale, IL), then femurs were measured for density using the SA Plus densitometer 

(Orthometrics, Stratec SA plus Research Unit, White Plains, NY). Calibration of the SA 

Plus instrument was done with hydroxyapatite standards of known density (50 - 1000 

mg/mm3) with cylindrical diameters 2.4 mm and length 24 mm that approximate mouse 

femurs. Assessment of defined thickness aluminum foils indicated accurate 

measurement of the 0.25 mm thick foil, whereas a 0.02 mm thick foil could not be 

measured. The bone scans were analyzed with distinct threshold settings to separate 

bone from soft tissue. Thresholds of 710 and 570 mg/cm3 were used to determine 

cortical bone areas and surfaces. These thresholds were selected to yield area values 

consistent with histomorpho-metrically derived values and the defined density standards 

noted above. To determine mineral content, a second analysis was carried out with 

thresholds of 220 and 400 mg/cm3. These lower thresholds were selected so that mineral 

from most partial voxels (0.07 mm) would be included in the analysis. Density values 

were calculated from the summed areas and associated mineral contents. Precision of 

the SA Plus for repeated measurement of a single femur was found to be 1.2%. Isolated 

femurs were scanned at 7 locations at 2 mm intervals, beginning 0.8 mm from the distal 

ends of the epiphyseal condyles. Due to variation in femur lengths, the femoral head 
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could not be scanned at the same location for each bone, and thus was not included in 

final data. Total vBMD values were calculated by dividing the total mineral content by 

the total bone volume (bone + marrow) and expressed as mg/mm3. (Akkiraju et al., 

2015; Beamer et al., 2012; Bouxsein et al., 2004) 

3.2.10 Histology 

After 4 weeks mice were sacrificed and extracted femurs were fixed in 10% 

Neutral Buffered Formalin (Sigma Aldrich, St. Louis, MO) and decalcified for 5 days 

in 5% formic acid in 10% sodium citrate (Sigma Aldrich, St. Louis, MO). Samples were 

bisected longitudinally through interchondular notch to separate medial and lateral 

condials for paraffin embedding. Paraffin embedded blocks were sliced to 6µm 

thickness and stained by Safranin O and fast green staining (Srinivasan et al., 2012). 

The following samples were measured for AC formation using the width in 7 different 

places on each samples and normalized to controls.  

3.2.11 Immunostaining 

Sectioned femur samples (pre-treated in xylene for 10 minutes to clear away the 

paraffin) and C3H10T1/2 cells and bovine chondrocytes plated on coverslips were 

incubated with testicular hyaluronidase for 30 minutes to expose collagen epitopes. 

C3H10T1/2 samples were immunofluorescently labeled for 1 hour at room temperature 

either with rabbit polyclonal IgG collagen type II (10µg/ml, ab34712, Abcam, UK) 

followed by Alexa 546 donkey anti rabbit IgG (2µg/ml. Abcam, UK) or rabbit 
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polyclonal collagen IX (10µg/ml, Abcam, UK) followed by Alexa 647 goat anti-rabbit 

IgG (2µg/ml, Invitrogen, Eugene, OR) or Goat polyclonal IgG MMP13 (10µg/ml, Santa 

Cruz Biotechnology, CA, USA) followed by Alexa 568 donkey anti goat (2 µg/ml, 

Invitrogen, Eugene, OR) or Rabbit (Rb) pAb collagen X (10µg/ml, ab58632, Abcam, 

UK) followed by Alexa flour 488 donkey anti-rabbit (2µg/ml. Invitrogen, Eugene, OR) 

or Rabbit polyclonal IgG Osteocalcin (10µg/ml, Santa Cruz Biotechnology, CA, USA) 

followed by Alexa flour 488 donkey anti-rabbit (2µg/ml. Invitrogen, Eugene, OR). 

Antibodies were diluted in 3% BSA. The nuclear stain bisbenzimide (Sigma Aldrich, 

St. Louis, MO, Hoechst dye No 33258, dissolved in H2O) was administered for five 

minutes and coverslips were mounted on slides using Airvol as described previously 

(Nohe et al., 2005; Nohe and Petersen, 2007). Images were taken (n = 8 image 

sections/sample) on the Zeiss 780 confocal with a 20X objective (0.75NA, Beam 

Splitter [MBS] 458/514/561/633, 5% laser output, and [MBS] 405, 2% laser output. 

Images were quantified using ImageJ (NIH, Bethesda).  

 Chondrocytes cultured on coverslips were incubated with testicular 

hyaluronidase for 30 minutes to expose collagen epitopes. The samples were 

immunofluorescently labeled for 1 hour at room temperature either with rabbit 

polyclonal IgG collagen type II (10µg/ml, ab34712, Abcam, UK) followed by Alexa 

488 donkey anti rabbit IgG (2µg/ml. Invitrogen, Eugene, OR) or mouse Collagen IX 

(Anthrogen – CIA Collagen staining kit) diluted 1:100 in 3% BSA followed by a 1:1000 

dilution of Alexa 633 goat anti-mouse IgG (Invitrogen, Eugene, OR) for 1 hour or Goat 

polyclonal IgG (Santa Cruz Biotechnology, CA, USA) diluted 1:1000 in 3%BSA 
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followed by Alexa 568 donkey anti goat (1:1000; Invitrogen, Eugene, OR) or Rabbit 

(Rb) pAb Collagen X (Abcam) diluted with 1:100 following by Alexa flour 488 goat 

anti-rabbit (1:1000). The nuclear stain Hoechst (Thermoscientific, West Palm Beach, 

FL) was administered for two minutes and coverslips were mounted on the slides using 

Airvol (20g Airvol, 80ml sterile dH2O, stirred at 60oC-70oC for 2 hours, 40ml glycerol, 

0.2ml of 0.2M Tris pH 8.5, centrifuged at 1800 x G) (Nohe and Petersen, 2007). 

Samples were run in triplicates and at least 8 images per well were obtained for analysis. 

3.2.12 Statistical Data Analysis 

All data presented were analyzed using single factor anova, followed by Tukey 

Kramer post-hoc test. All experiments were repeated three or more times and 

normalized to control. Maximum of three outliers were removed using the Chauvenets 

Criterion, but minimum number of samples required for statistical significance were 

used for the following analysis. Error bars represent standard error of the mean (SEM), 

where * denotes (p<0.05) and ** denotes (p<0.01) statistical significance.  
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3.3 Results 

3.3.1 CK2.1 but not CK2.2 or CK2.3 induced chondrogenesis in C3H10T1/2 

micromasses 

To evaluate the effect of CK2.1, CK2.2, and CK2.3 on chondrogenesis, 

C3H10T1/2 cells were cultured as micromasses and stimulated with 100nM of the 

corresponding peptides. Cells were stimulated with the peptides at 100nM a 2.5 times 

higher concentration compared to BMP2 at 40nM based on previous experiments 

(Bragdon et al., 2011b). After stimulating C3H10T1/2 micromasses for 3weeks 

proteoglycan synthesis, a marker for chondrogenesis, was evaluated by Alcian blue 

staining (Denker et al., 1999). Positive control cells were stimulated with BMP2 

(40nM). As Figure 3.2A demonstrates only CK2.1 induced chondrogenesis in 

C3H10T1/2 cells similar to BMP2 stimulations. Optimal dosage of peptide CK2.1 

induced chondrogenesis, was analyzed using concentration gradient stimulations on the 

C3H10T1/2 micromasses Figure 3.2B. This resulted in optimal dose range of the peptide 

at low dose 100nM to high dose at 500nM as seen in C2C12 cells for osteogenesis 

(Bragdon et al., 2011b). To test whether this CK2.1 induced chondrogenesis is via the 

activation of BMP signaling pathway I used a Smad reporter gene assay using the 

luciferase reporter construct pSBE-luc. C3H10T1/2 cells transfected with pSBE-luc and 

pRLUC (control for transfection efficiency) were stimulated with low and high doses 

of peptide CK2.1 and equivalent concentration of BMP2. Only cells stimulated with 

peptide CK2.1 and BMP2 but not CK2.2 or CK2.3 resulting in a significant increase in 
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SMAD activity similar between BMP2 and CK2.1 across equivalent concentrations (Fig 

3.2C).  
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Figure 3.2 CK2.1 but not CK2.2 or CK2.3 induced chondrogenesis in C3H10T1/2 

cells. A) C3H10T1/2 micromass cultures were treated with either BMP2 (40nM) or 

peptides CK2.1 and CK2.2, CK2.3 at (100nM) and stained with Alcian blue for 3 weeks. 

BMP2 and CK2.1 treated cells showed a significant increase of ECM containing 

proteoglycans. B) Concentration curve of micromass stimulated with CK2.1 and BMP2 

over 7 days. The treatments identified the concentrations of CK2.1 at 100nM to 500nM 

as the optimal doses for inducing chondrogenesis. C) Smad reporter gene assay 

performed on C3H10T1/2 cells stimulated with CK2.1 at 100nM or 500nM, CK2.2, and 

CK2.3 at 100nM and BMP2 at 40nM or 200nM.  Only CK2.1 and BMP2 induced Smad 

activity and similar Smad activity was observed across the equivalent concentrations. 

Error bars represent SEM (* p< 0.05, **p<0.01). 

3.3.2 C3H10T1/2 and adult bovine chondrocytes cells stimulated with CK2.1 

and BMP2 induced collagen type II expression 

To further confirm peptide CK2.1 induced chondrogenic differentiation I 

examined collagen type II production in C3H10T1/2 cells. Chondrocytes actively 

produce collagen type II which make up the majority of collagen network in cartilage. 

Therefore, I stimulated C3H10T1/2 cells with the peptides CK2.1, CK2.2, and CK2.3 

for 3 weeks. Similarly, primary bovine chondrocytes with CK2.1 for 3 weeks. As 

positive control cells were stimulated or not with BMP2. Cells were fixed and 

immunostained for collagen type II. Expression of collagen type II was quantified by 

confocal microscopy (Fig 3.3). Results demonstrate a significant increase in collagen 

type II production in CK2.1 stimulated cells compared to controls (Fig 3.3A, B).  
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Figure 3.3 CK2.1 induced collagen type II production in C3H10T1/2 cells and 

primary bovine chondrocytes. A) C3H10T1/2 cells cultured for 3 weeks were 

stimulated with CK2.1, CK2.2 and CK2.3 at 100nM or with equivalent concentration 

of BMP2 40nM. B) Bovine chondrocytes cultured for 3 weeks were stimulated with 

CK2.1 and BMP2 that induced positive chondrogenic differentiation as a measure of 

collagen type II compared to control. Scale bar represent 50µm. Error bars represent 

SEM (* p< 0.05, **p<0.01).   

3.3.3 CK2.1 induced Collagen IX production but not Collagen X and MMP-13 

C3H10T1/2 cells chondrogenic differentiation is distinguished by the synthesis 

of Collagen II and other early stage protein chondrogenic markers (Denker et al., 1999; 

Roy et al., 2010; Shea et al., 2003). However, mature cartilage marks the association of 

Collagen II with less abundant Collagen IX ECM protein (Poliard et al., 1999).  

Collagen IX along with Collagen II and XI make up two thirds of the articular cartilage 

(Eyre, 2002). However, Collagen IX a product of the mature chondrocyte is not found 

in its earlier stages of chondrocyte differentiation (Kipnes et al., 2003; Zaucke et al., 

2001). Similarly, Collagen X and MMP-13 are produced by the hypertrophic 

chondrocytes and their upregulation marks the end stage of terminal differentiation, 

followed by mineralization of the tissue (Gelse et al., 2003a). Hence, mature bovine 

articular chondrocytes isolated and cultured were stimulated with CK2.1 (100nM or 

500nM) or BMP2 (40nM) and determined protein expression levels of Collagen IX, 

Collagen X, and MMP-13 by immunostaining. Post 7 days of stimulation and incubation 

cells were fixed and stained for Collagen IX or Collagen X or MMP-13 (Fig 3.4). 

Protein expression was quantified by confocal microscopy. Analysis indicated an 

increased Collagen IX production but not Collagen X and MMP-13 with CK2.1 
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stimulation at concentrations of 500nM. This is in contrast to BMP2 at 40nM 

stimulation that resulted in a high expression of collagen type X and MMP-13 (Fig 3.4). 
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Figure 3.4    Collagen type IX production induced by peptide CK2.1 but not BMP2. 

Primary bovine chondrocytes isolated from six-month old calf knee were cultured and 

stimulated with BMP2 40nM or peptide CK2.1 (100nM, 500nM) for 7 days and 21 days 

then fixed and immunostained for A) collagen type IX or collagen type X or MMP-13. 

In these representative figures collagen type IX, X, and MMP-13 staining was 

represented using green and the nuclear stain in blue. B) Images from week 1 C) Images 

from week 3 were analyzed and the data were normalized to controls. There was a 

significant difference in collagen type IX production in cells stimulated with peptide 

CK2.1 500nM compared to control, BMP2 40nM, or peptide CK2.1 100nM (B). But by 

week 3 CK2.1 at 100nM and 500nM had a significantly high collagen type IX and 

significantly low collagen type X. However, collagen type X production was 

significantly higher in cells stimulated with BMP2 40nM in comparison to control or 

cells treated with peptide CK2.1 100nM or 500nM. Experiments were averaged and 

normalized to controls and graphed with SEM as error bars (*, p<0.05), (**, p<0.001). 

Scale bars represent 20µm. Error bars represent SEM (* p< 0.05, **p<0.01).  

3.3.4 Upregulation of chondrogenic specific markers upon CK2.1stimulation 

Immunostaining confirmed protein expressions of the chondrogenic markers in 

MSCs and mature bovine articular chondrocytes. However, chondrocyte lineage 

dictates the synthesis of specific collagens that differ during chondrocyte life cycle.  I 

selectively chosen markers that are present through the various stages of chondrogenic 

proliferation and maturation, before chondrocyte hypertrophy takes place. These 

markers SOX9, CREB, COMP (Cartilage Oligomeric Matrix Protein), NKX3.2, RUNX2, 

MEF2C, ACAN, regulators of chondrogenesis and collagen production, are essential for 

the chondrocyte function.  Cultured mature bovine chondrocytes were treated with 

CK2.1(100nM and 500nM) and compared against BMP2(40nM) for chondrogenic 

mRNA expression levels of SOX9, COMP, and CREB that are present throughout 

chondrocyte differentiation and maturation (Ionescu et al., 2001; Kipnes et al., 2003; 

Pan et al., 2008) (Fig 3.5). Transcript levels were measured using qRT-PCR method 
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(Fig 3.5). CK2.1 stimulation promoted cartilage specific gene expression in primary 

chondrocytes comparable to BMP2 stimulated cells. Expression of these genes 

correlated well with the concentration of CK2.1 used. Expression levels were higher at 

both concentrations of CK2.1 in comparison to BMP2. Interesting note made was, SOX9 

was significantly lower and MEF2C higher in BMP2 treated cells compared to CK2.1 

treated. The lowered SOX9 activity in BMP2 treated correlated to the lowered 

chondrogenic activity and increased MEF2C change in expression correlates to collagen 

type X production shown (Fig 3.5).   
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Figure 3.5 Expression of genes associated with chondrogenesis. Primary bovine 

chondrocytes were cultured for 3 weeks and were stimulated with BMP2 (40nM or 

200nM), or peptide CK2.1 (100nM or 500nM). Expression of SOX9, CREB, and 

COMP, MEF2C, RUNX2, aggrecan (ACAN) were evaluated.  Cells treated with CK2.1 

at 500nM had a significant increase in SOX9, and ACAN. BMP2 treated cells 

demonstrated increase in RUNX2, MEF2C but CK2.1 treated did not. Fold change in 

mRNA levels shown are normalized to the house keeping gene GAPDH. Error bars 

represent SEM. 

3.3.5 BMP2, CK2.2, CK2.3, but not CK2.1 induced mineralization in 

C3H10T1/2 cells 

BMP2 known to induce chondrogenic as well as osteogenic differentiation in 

MPCs (Kwon et al., 2013; Shea et al., 2003). BMP2 influence on chondrocytes is also 

known to induce chondrocyte hypertrophy and the regulation of collagen type X 

(Hanada et al., 2001).  Nohe lab previously demonstrated strong osteogenic capability 

of BMP2 and the peptides in C2C12 cells (Bragdon et al., 2011b). Therefore, 
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C3H10T1/2 cells were stimulated with CK2.1, CK2.2, and CK2.3 were measured for  

collagen type X ( marker for chondrocyte hypertrophy) and osteocalcin (marker for 

Osteoblast activity) (Christenson, 1997). Furthermore, von Kossa staining for the 

deposition of mineral phosphates was used as an endpoint. Collagen type X expression 

in cells stimulated with CK2.1 was not significantly higher compared to controls, but 

cells stimulated with BMP2 showed a higher expression level. (Fig 3.6A). Moreover, 

there was no significant elevation in osteocalcin levels or mineral content in cells 

stimulated with CK2.1 even at the end of 3 weeks of stimulations as compared to 

controls (Fig 3.6). However, BMP2, CK2.3, and CK2.2 induced osteocalcin expression 

and mineralization.  
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Figure 3.6 BMP2, CK2.2 and CK2.3 but not CK2.1 induced chondrocyte 

hypertrophy and mineralization of C3H120T1/2 cells.  C3H10T1/2 cells cultured for 

3 weeks and stimulated with CK2.1 (100nM or 500nM), or 100nM of CK2.2 or CK2.3 

and stimulated or not with the equivalent concentration of BMP2 (40nM or 200nM) as 

controls. Cells were fixed and then nuclei stained with Hoechst (blue) A) collagen type 

X (green), B) Osteocalcin (green) C) and von Kossa and analyzed for results using 

ImageJ. Experiments were averaged and normalized to controls and graphed with SEM 

as error bars (*, p<0.05), (**, p<0.001). Scale bar represents 50µm. Error bars represent 

SEM (* p< 0.05, **p<0.01).   

3.3.6 CK2.1 injection into the tail vein of mice resulted in increased AC 

formation 

In vitro analysis of CK2.1 demonstrated positive chondrogenic activity without 

the induction of chondrocyte hypertrophy. Therefore, I investigated the effect of CK2.1 

on cartilage formation in vivo. To understand the systemic effects of the peptide CK2.1, 

C57BL/6J mice were injected via the tail vein over 5 consecutive days.  C57BL/6J mice 

are the most widely used in bred model for biological and biomedical research (Mouse 

Genome Sequencing et al., 2002; Navarro et al., 2012), and were implemented for this 

study. As a positive control mice were injected with BMP2. Cartilage degenerative 

diseases like OA affect the AC of diarthrodial joints, but the AC of the long bones like 

the femurs are mostly affected by this condition (Blagojevic et al., 2010). Therefore, 

cartilage turnover is evaluated by studying the articular cartilage that surrounds the 

femurs in these mice. Four weeks after the last injection, mice were sacrificed, femurs 

were fixed, decalcified, and paraffin embedded. Paraffin blocks were sectioned at 6µm 

thickness and stained with Safranin O and Fast Green (Srinivasan et al., 2012). Figure 
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3.7 shows enhanced AC formation in mice injected with CK2.1 similar to BMP2 and 

compared to PBS.   

 

Figure 3.7 Increased articular cartilage in mice injected with CK2.1 and BMP2. 

C57BL/6J mice (n=7/group) were injected with PBS, BMP2 and CK2.1. AC formation 

was measured from the subchondral base to the tip of AC in at least in 7 regions of each 

mouse femur and were calculated for width. Experiments were averaged and normalized 

to controls and graphed with SEM as error bars (*, p<0.05). Scale bar representing 

50µm.  
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3.3.7 Increased expression of  collagen type II and type IX synthesis in the AC 

of mice injected with CK2.1  

Collagen type II and type IX are two markers that are upregulated during AC 

formation by chondrocytes. Since CK2.1 and BMP2 injection into the tail vein of mice 

led to increased AC growth, I next analyzed the cartilage sections for collagen type II 

and collagen type IX expression. Collagen type II expression was higher in mice 

injected with CK2.1 and BMP2 as compared to mice injected with PBS (Fig 3.8A). 

Interestingly, collagen type IX level was higher only in  mice injected with CK2.1 but 

not PBS or BMP2 (Fig 3.8B).  
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Figure 3.8 CK2.1 but not BMP2 or PBS induced collagen type II and IX expression 

in articular cartilage. C57BL/6J mice injected with PBS, CK2.1, and BMP2 were 

immunostained for collagen type II (red) and collagen type IX (magenta). Hoechst 

(blue) was used to determine the nucleus of the residing cell and location (AC-Articular 

Cartilage, TB-Trabecular Bone). A) CK2.1 and BMP2 injected mice expressed 

relatively equivalent collagen type II levels. B) CK2.1 injected mice demonstrated an 

increased expression of collagen type IX in AC but not BMP2 or PBS injected mice. 

Images of the AC were imaged (n=7/group). Scale bar representing 100µm. 

3.3.8 Increased expression of collagen type X in mice inejected with BMP2 but 

not CK2.1  

One of the major drawbacks for using BMP2 as a therapeutic for cartilage repair 

is that BMP2 induces chondrocyte hypertrophy. Therefore, I next 

immunofluoresecently stained the cartilage sections for collagen type X and MMP13, 

both markers for chondrocyte hypertrophy (D'Angelo et al., 2000; Zheng et al., 2003). 

As Figure 3.9 demonstrates collagen type X is upregulated in mice injected with BMP2. 
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Figure 3.9 BMP2 but not CK2.1 or PBS induced collagen type X expression in 

articular cartilage. C57BL/6J mice injected with PBS, CK2.1, and BMP2 were 

immunostained for collagen type X (green) and MMP-13 (red). Hoechst stain (blue) 

was used to determine the nucleus of the residing cell and location (AC-Articular 

Cartilage, TB-Trabecular Bone). Images of the AC were imaged (n=7/group). 

Immunostaining demonstrates increased collagen type X expression in AC of BMP2 

injected mice but not CK2.1 or PBS injected mice. Scale bar representing 100µm. 

3.3.9 BMD was unchanged in mice injected with CK2.1  

To determine the changes in trabecular Bone Mineral Density (BMD) and 

cortical BMD of mice injected with BMP2 and CK2.1 femurs were processed and 
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assessed by pQCT (Schmidt et al., 2003). pQCT analysis of femurs from mice injected 

with CK2.1 showed no changes in trabecular or cortical BMD as compared to PBS 

injected mice. However, BMP2 injected mice had a significant increase in trabecular 

BMD but not cortical BMD (Fig 3.10).  
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Figure 3.10 Trabecular BMD is increased in mice injected with BMP2 but not 

CK2.1. Femurs of mice injected with PBS, CK2.1, and BMP2 (n=7/group) were 

analyzed by pQCT. A) Trabecular Bone Mineral Density, B) Cortical Bone Mineral 

Density. Error bars represent SEM (* p< 0.05). 
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3.4 Discussion 

I previously demonstrated the activation of the BMP signaling pathway using 

peptides CK2.1 (Fig 1B), CK2.2, and CK2.3 in the absence of the ligand leading to 

osteogenesis (Akkiraju et al., 2015; Bragdon et al., 2011b; Bragdon et al., 2010). In this 

study I investigated the ability of the novel peptide CK2.1 to induce chondrogenesis in 

vitro and in vivo. C3H10T1/2 micromasses stimulated with CK2.1 but not CK2.2 and 

CK2.3 exhibited increased proteoglycan secretion and collagen type II expression 

similar to that of cells stimulated with BMP2. BMP signaling is also known to induce 

chondrocyte hypertrophy and osteogenic response in C3H10T1/2 cells (Roy et al., 2010; 

Shea et al., 2003). This was evident in C3H10T1/2 cell stimulations using peptides 

CK2.2, and CK2.3 that induced osteocalcin expression and mineral deposition as a 

consequence of osteoblast differentiation similar to BMP2 stimuations, while CK2.1 

alone did not. I further confirmed this CK2.1 induced chondrogenic activity in primary 

bovine chondrocytes that can produce the chondrogenic ECM. Collagen type II, type 

IX, and collagen type X (hypertrophic marker) were analyzed using primary 

chondrocytes treated with CK2.1 or BMP2. Similar to C3H10T1/2 cells, CK2.1 

treatments induced collagen type II, and also collagen type IX. However, BMP2 

stimulations, while inducing collagen type II, also induced collagen type X production 

but not collagen type IX. Aditionally in 3 week study of primary chodnrocyte study 

using mRNA profiling, BMP2 enhanced MEF2C (hypertorphic marker), but CK2.1 did 

not. Furthermore, I demonstrated this CK2.1 mediated chondrogenesis is through 

BMPRIa downstream Smad signaling. 
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In vivo systemic tail vein injection of CK2.1 and BMP2 in mice resulted in 

increased AC formation. This study demonstrated the CK2.1 potential in inducing 

chondrogenesis in similar capacity to BMP2. Previously reported systemic injection of 

BMP2 in mice at a concentration 0.5µg/kg to 5µg/kg for 20 consecutive days resulted 

in increased AC formation (Turgeman et al., 2002). In this current study I saw an 

increase in TBMD with BMP2 injections along with AC growth. However, mice 

injected with CK2.1 exhibited no significant growth in other areas of the body except 

AC.  The major differences between CK2.1 injected versus BMP2 injected mice was 

observed in the collagen composition of the AC ECM. While collagen type II expression 

is similar in CK2.1 and BMP2 injected mice, differences were observed in collagen type 

IX expression. Collagen type IX was higher in mice injected with CK2.1 compared to 

BMP2 or PBS. In sharp contrast BMP2 injected mice expressed a higher level of 

collagen type X compared to CK2.1 or PBS injected mice. The expression of collagen 

type X in BMP2 injected mice indicates the terminal differentiation of chondrocytes. 

This effect of BMP2 is well described in the literature (Shu et al., 2011). Interestingly 

mice injected with CK2.1 did not show this effect. This may be due to the time frame 

of the study or the concentration of CK2.1 used in this study.  In vitro analysis as well 

of collagen type X expression in C3H10T1/2 cells or in primary chondrocytes did not 

demonstrate a significant increase in CK2.1 stimulations compared to BMP2. 

Furthermore, at the end of 3 weeks CK2.1 treatment in primary chondrocytes positively 

regulated collagen type IX production that is necessary for forming proper collagen 

framework, and induced SOX9 and ACAN mRNA regulation that are positive 
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chondrogenic markers. Whereas BMP2 induced MEF2C mRNA regulation in 

accordance to collagen type X production demonstrates terminal differentiation of the 

chondrocytes. Moreover, CK2.2 or CK2.3 exhibited no significant collagen type X 

production in these cells, as they failed in inducing chondrogenic differentiation in these 

cells. As demonstrated in the dose response curve, the optimal dose of the peptide CK2.1 

in in vitro analysis is at doses between 100nM and 500nM.  These results are similar to 

the results found in previous study using C2C12 cells, where 100nM was found be the 

ideal concentration to induce osteogenesis for CK2.1 (Bragdon et al., 2011b). 

Furthermore, the SMAD activity readout between 100nM and 500nM of CK2.1 

compared to 40nM and 200nM of BMP2 was similar. However, it is not known what 

effects the peptide CK2.1 may yield at doses beyond the optimized values. As 

C3H10T1/2 cells are multipotent MSCs they may illicit different phenotypic effects. 

Although, the doses used demonstrate chondrogenic activity without the induction of 

osteogenesis or chondrocyte hypertrophy within these cells compared to BMP2, this 

maybe different at higher concentrations. An alternative explanation may be that CK2.1 

affects only the differentiation of mesenchymal cells to chondrocytes and maintains 

their chondrogenic potential. Additionally, injections of BMP2 alone but not CK2.1 led 

to increased trabecular BMD in mice. Moreover, BMP2, CK2.3, and CK2.2, but not 

CK2.1 induced mineralization in C3H10T1/2 cells (Bragdon et al., 2011c). I previously 

showed that injection of CK2.3 into the tail vein of mice increased trabecular BMD 

(Akkiraju et al., 2015). Therefore, the mechanism is still unclear on how CK2.1 induces 

chondrogenic activity differently than BMP2 ligand, utilizing similar signaling 
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pathways without inducing chondrocyte hypertrophy or osteogenesis. However, there 

are still questions to be answered for future studies, as it is still unclear how CK2.1 

actuates this specific response towards the articular capsule, as AC being avascular and 

can only be explained by the blood supply through the synovial capsule (Davies and 

Edwards, 1948), along with the diffusion rates of the peptide into the cells. Similarly, 

the rate of tissue growth due to either proteoglycan osmotic swelling or due to the 

appositional growth and also the ability of CK2.1 to induce cartilage repair in a disease 

model. My data presented here and previously, further indicate that CK2.1 as well as 

CK2.3 may signal through more specific signaling pathways compared to BMP2 

(Akkiraju et al., 2015; Bragdon et al., 2011c). As included in the hypothetical signaling 

schematic that illustrates a possible mode of peptide induced BMPRIa activation in 

Figure 3.1. However, more experiments are needed to answer these questions. Based on 

my data, CK2.1 induces chondrogenesis without inducing chondrocyte hypertrophy and 

may be one of the few peptides developed or proteins discovered with this capability 

and may be used for cartilage repair in OA related cartilage loss.  
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BONE MORPHOGENETIC PROTEIN RECEPTOR TYPE IA MIMETIC 

PEPTIDE CK2.1 REPAIRS DAMAGED CARTILAGE  

4.1 Background 

Osteoarthritis (OA) is a cartilage metabolic disease 21.7 million people each year and 

is the 11th contributor of disability and costs over $28.5 billion dollars a year (Allen and 

Golightly, 2015; Murphy and Helmick, 2012; Sacks et al., 2010). In OA, the articular 

cartilage (AC) undergoes progressive loss of normal cartilaginous extracellular matrix 

(ECM), losing its overall function (Buckwalter et al., 2005). AC is viscoelastic 

connective tissue that covers the articular ends of the femoral bone and is essential for 

the free movement of the joints. It consists of chondrocytes that are responsible for the 

production of ECM within this tissue. This ECM network maintains the load bearing 

properties for mechanical compression across the joint (Poole, 1997). Chondrogenic 

ECM is composed of proteoglycans, such as aggrecans, and collagens, including type 

II, type IX and type XI, that form a cross-linked network to regulate its biological 

properties (Eyre et al., 2006).  More importantly, AC is an avascular tissue that displays 

poor tissue regenerative capacity. This loss in regeneration results in poor cartilage 

tissue regeneration and enhances the loss of AC. In addition OA is accompanied by 

Chapter 4 
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remodeling and sclerosis of the subchondral bone and formation of osteophytes (Poole 

et al., 1993). 

Among many growth factors that influence the progression of OA, bone morphogenetic 

proteins (BMPs), such as BMP2, greatly accelerate the overall loss of AC (Blaney 

Davidson et al., 2007a). However, the same BMP2 is a potent growth factor consisting 

of many pleiotropic functions plays a crucial role in the formation of the AC (Bragdon 

et al., 2012a; van der Kraan et al.). BMP2 is also known to induces chondrocyte 

hypertrophy followed by cartilage calcification (van der Kraan et al.). Therefore, BMP2 

may not be valuable as a therapeutic for cartilage restoration in degenerative diseases 

such as osteoarthritis (OA).  

BMP2 signals through binding to type I and type II serine/threonine kinase 

receptors. Upon ligand binding, type I receptor is phosphorylated by the constitutively 

active type II receptor at the GS box (glycine/Serine rich region) to initiate downstream 

signaling (Bragdon et al.). Nohe lab has previously reported that the protein Casein 

Kinase 2 (CK2) interacts with the bone morphogenetic protein receptor type Ia 

(BMPRIa) (Bragdon et al., 2011a) and that loss of this interaction leads to the activation 

of BMP signaling in the absence of the ligand (Bragdon et al., 2012b; Bragdon et al., 

2009; Bragdon et al., 2011c). Furthermore, Nohe lab has identified a peptide, CK2.1, 

that induces the release of CK2 from BMPRIa (Bragdon et al., 2010). I previously 

demonstrated the potency of one of the peptides CK2.1 induced chondrogenesis in vitro 

and in vivo (Akkiraju et al., 2016). Here I evaluate the potential of the peptides to induce 

cartilage repair in vivo. To develop a more feasible approach of delivery of the peptide 



 104 

as a treatment for OA, we conjugated the peptide CK2.1 to hyaluronic acid (HA)-based 

hydrogels particles (HGPs) through hydrolytically degradable ester linkages for its slow 

release. This injectable formulation is referred to as HGP-CK2.1. I used destabilization 

of the medial meniscus (DMM) surgery to create an OA like condition in mice. After 6 

weeks post-secondary injury to AC, I injected HGP-CK2.1 intra-articularly twice once 

every 2 weeks for sustained release. HA HGP drug depots have proven to be advantages 

for carrying various proteins and peptides for controlled release (Xiao et al., 2013; Xu 

et al., 2012). Six weeks after the injection, mice were sacrificed and the femurs were 

analyzed for the AC restoration. I performed immunohistochemical analysis to identify 

the proteoglycan synthesis. Furthermore, using immunofluorescence we analyzed the 

femur samples for collagen type II, type IX, type X and osteocalcin. I discovered that 

collagen type II and type IX were significantly increased in mice treated with HGP-

CK2.1, but not those treated with PBS. However, while PBS injected mice demonstrated 

a significant increase in collagen type X and osteocalcin production, HGP-CK2.1 

injected mice did not. My data show that localized intra-articular injections of HGP-

CK2.1 restored the AC and reconstructed the cartilaginous ECM. 
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4.2 Materials and Methods 

4.2.1 Mice 

All 10 week old male C57BL/6J mice were obtained from The Jackson 

Laboratory (Bar Harbor, ME) and maintained under conventional conditions. The 

animal protocol was approved by IUCAC at the University of Delaware.  

4.2.2 Design of peptides 

  Peptides were designed by Nohe group as previously described (Bragdon et al.).  

A prosite search including patterns with high probability of occurrence on BMPRIa 

yielded possible CK2 phosphorylation sites located at amino acids 466-469 (SYED). 

The peptides were designed with the Antennapedia homeodomain signal sequence for 

cellular uptake and incorporated in one these binding sites: CK2.1 (SYED). The 

peptides included several amino acid residues flanking each side (Bragdon et al., 2010).  

4.2.3 Preparation of CK2.1-conjugated HGPs 

  HA-based HGPs with a mean diameter of 10 µm were formulated by an inverse 

emulsion cross-linking technique, following previously reported procedures (Ge et al., 

2007). Separately, a heterobifunctional linker, containing a thiol-reactive acrylate group 

and an amine-reactive N-hydroxysuccinimide ester (NHS) with 3 lactic acid (LA) 

repeats, was synthesized according to reported methods (Sahoo et al., 2008). Next, HA 

HGPs (10 mg) and the bifunctional linker (4.5 mg) were mixed in 2 ml DMSO and the 
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reaction was allowed to proceed for 24 h at 40 ºC under constant stirring. The modified 

particles were then washed thoroughly with water, ethanol and acetone before being 

dried at 37 C in the incubator overnight. Subsequently, the modified HGPs (10 mg) 

was added to 10 ml PBS containing 10mg cysteine-tagged CK2.1 peptide 

(QIKIWFQNRRKWKKMVPSDPSYEDMGGC, GenScript). The reaction was allowed 

to proceed at room temperature for 24 hr. The product, HGP-CK2.1, was washed 

thoroughly with PBS, isolated by centrifugation at 3,000 rpm for 5 min and finally 

reconstituted in PBS at the desired concentration. The peptide content in HGP-CK2.1 

was determined by subtracting the unreacted peptide in the washing supernatant from 

that in feed, as quantified by UV-Vis spectrophotometer at 280 nm based on a standard 

curve of CK2.1 in PBS (62.5-1000 µg/ml). To prepare sterile particle formulations, 

HGPs were first suspended and sterilized in 70% ethanol overnight before reacting with 

sterile-filtered (0.22 µm) CK2.1 peptide in PBS.  

4.2.4 In vitro release of CK2.1 

HGP-CK2.1 (2mg) was dispersed in PBS (0.5 ml) under constant rotation at 37 

ºC. At predetermined time points, the supernatant was collected by centrifugation (3,000 

rpm for 5 min), and the release medium was replenished with an equal amount of fresh 

PBS. The released peptide in PBS was quantified by UV-Vis spectrophotometer at 280 

nm. The cumulative release was calculated as the total amount of CK2.1 peptide 

released into the medium at a particular time relative to the initial loading.  
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4.2.5 Surgical Destabilization of the Medial Meniscus 

Mice were anesthetized using isoflurane prior to surgery. All mice had their right 

knees shaved using an electric trimmer and wiped using alcohol swabs to sanitize the 

area of surgery. A 3-mm longitudinal incision over the distal patella to tibial plateau 

was created. The joint capsule medial to the patellar tendon was incised with a #11 blade 

and the capsule was opened with micro-iris scissors. Dissection of the fat pad over 

intercondylar area exposed the intercondylar region, providing visualization of the 

medial meniscus. An incision is made at the tibial plateau to destabilize the medial 

meniscus (Glasson et al., 2007). Gauze dabbed with alcohol was used to stop any 

bleeding. Joint capsule was closed with a continuous 8-0 vicryl® suture and skin was 

closed by the application of tissue adhesive.  Mice were checked for regular movement 

and antibiotics and pain killer were applied every 12 hr during the first day, and 

monitored every day until the time of intra-articular injections. Mice were allowed to 

sustain secondary insult leading OA-like damage to the cartilage 6 weeks post-surgery. 

HGP-CK2.1, HGP alone diluted in PBS, or PBS alone were injected once every two 

weeks post 6 weeks of DMM surgery. 

4.2.6 Cell Culture 

C3H10T1/2 cells were purchased from American Type Culture Collection 

(CCL-26) (Manassas, VA) and monolayer cultures were maintained in T-75 flasks 

grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech, Manassas, VA) 

supplemented with 10% (v/v) fetal bovine serum (FBS) (Gemini Bioproducts, West 
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Sacramento, CA), 0.5% (v/v) L-glutamine (Mediatech, Manassas, VA), and 1% (v/v) 

penicillin/streptomycin (100IU/ml penicillin, 100 µg/ml streptomycin, Fisher Scientific, 

Pittsburg, PA). Cultures were incubated at 37°C and 5% CO2, and cells were passaged 

at 90% confluency with 0.05% Trypsin-EDTA (Gemini Bioproducts, West Sacramento, 

CA). 

4.2.7 Alcian blue staining 

C3H10T1/2 cells were seeded at 1 x 107 cells/ml and plated as 10 µl micromass culture 

in a 1.9 cm2 24 well plate (Nunc, Rocskilde, Denmark). Cells were supplemented with 

DMEM with 10% FBS and incubated at 37°C and 5% CO2. Cells were then stimulated 

with recombinant BMP2 (40 nM) or HAHGPCK2.1 (5nM or 10nM or 30nM or 

50nM/day release concentration).  

Seven days after stimulation cultures were fixed using 10% neutral buffered 

formalin (pH7.4) mixed with 0.05% wt/v cetylpyridinium chloride for 20 minutes at 

room temperature. Cells were rinsed three times with 3% glacial acetic acid (pH 1.0), 

and stained using 0.5% Alcian blue 8-GX stain (Life line, Walkersville, MD) overnight. 

After staining cultures were rinsed with 3% glacial acetic acid (pH 1.0) and air dried. 

Stained cultures were viewed under an inverted light microscope (Nikon, TMS-f) using 

20X magnification and the collected images were analyzed and quantified with ImageJ 

software (NIH, Bethesda) (Bruce et al., 2010).  
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4.2.8 Histological Scoring 

After 2 weeks of the last intra-articular injections mice were sacrificed and 

extracted femurs were fixed in 10% Neutral Buffered Formalin (Sigma Aldrich, St. 

Louis, MO) and decalcified for 5 days in 5% formic acid in 10% sodium citrate (Sigma 

Aldrich, St. Louis, MO). Samples were paraffin embedded and sectioned at 6µm 

thickness. Sectioned slide samples were stained by Safranin O and fast green staining 

(Kang Q K, 2003; Padma P Srinivasan et al., 2012). Scoring was done in four 

compartments of the knee using a modified semi-quantitative scoring scale as described 

(Glasson et al., 2007). The scoring analysis used in this study are: score 0= normal 

cartilage, score 0.5 = loss of safranin O staining with a normal articular surface, score 1 

= small fibrillations or roughened articular surface, and score 2 = fibrillations extending 

into the superficial lamina. For each knee analyzed, 12 slides around the entire joint 

were blinded and scored by two independent observers. 

4.2.9 Immunostaining 

Sectioned femur samples (pre-treated in xylene for 10 minutes to clear away the 

paraffin) were incubated with testicular hyaluronidase for 30 minutes to expose collagen 

epitopes. The samples were immunofluorescently labeled for 1 hr at room temperature 

either with rabbit polyclonal IgG collagen type II (10µg/ml, ab34712, Abcam, UK) 

followed by Alexa 488 donkey anti rabbit IgG (2µg/ml. Invitrogen, Eugene, OR) or 

rabbit polyclonal collagen IX (10µg/ml, Abcam, UK) followed by Alexa 647 goat anti-

rabbit IgG (2µg/ml, Invitrogen, Eugene, OR) or Goat polyclonal IgG MMP13 (10µg/ml, 
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Santa Cruz Biotechnology, CA, USA) followed by Alexa 568 donkey anti goat (2 

µg/ml, Invitrogen, Eugene, OR) or Rabbit (Rb) pAb collagen X (10µg/ml, ab58632, 

Abcam, UK) followed by Alexa flour 488 donkey anti-rabbit (2µg/ml. Invitrogen, 

Eugene, OR) or Rabbit polyclonal IgG Osteocalcin (10µg/ml, Santa Cruz 

Biotechnology, CA, USA) followed by Alexa flour 488 donkey anti-rabbit (2µg/ml. 

Invitrogen, Eugene, OR). Antibodies were diluted in 3% BSA. The nuclear stain 

bisbenzimide (Sigma Aldrich, St. Louis, MO, Hoechst dye No 33258, dissolved in H2O) 

was administered for five minutes and coverslips were mounted on slides using Airvol 

as described previously (Nohe et al., 2005; Nohe and Petersen, 2007). Images were 

taken (n = 8 image sections/sample) on the Zeiss 780 confocal with a 20X objective 

(0.75NA, Beam Splitter [MBS] 458/514/561/633, 5% laser output, and [MBS] 405, 2% 

laser output. Images were quantified using ImageJ (NIH, Bethesda).  

 

4.2.10 Statistical Data Analysis 

All data presented were analyzed using single factor Anova, followed by Tukey 

Kramer post-hoc test. All experiments were repeated three or more times and 

normalized to control. Maximum of three outliers were removed using the Chauvenets 

Criterion, but minimum number of samples required for statistical significance were 

used for the following analysis. Error bars represent standard error of the mean (SEM), 

where * denotes (p<0.05) and ** denotes (p<0.01) statistical significance.  
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4.3 Results 

4.3.1 CK2.1 was released from HGPs in controlled manner 

CK2.1 peptide was covalently conjugated to the hydrogel particles via Michael addition 

using cysteine-tagged peptide and acrylated HGPs (Fig 4.1A). Approximately 48 µg 

CK2.1 was conjugated to 1 mg of HGPs. The peptide was released (Fig 4.1B) from the 

HGPs at a rate of + 9.4 wt%/day from day 0 to day 4 and + 5.3 wt% day from day 4 to 

day 7. By day 7 when the experiment was terminated, a total of 54.6 wt% of the initially 

loaded peptide was released from the particles.  

Next I used C3H10T1/2 cells in micromass cultures to test chondrogenic 

potency of the slow release HGP-CK2.1. My previous study demonstrated positive 

chondrogenic activity in C3H10T1/2 cells in micromass cultures stimulated with 

peptide CK2.1 with concentrations ranging from CK2.1 at 100nM (lowest) to 500nM 

(highest) (Akkiraju et al., 2016).  Therefore, an overall concentration of 50nM, 100nM, 

300nM, and 500nM were adjusted according to HGP-CK2.1 per day release profile. 

Where the adjusted HGP-CK2.1 (+9.4%/day) release value of the following 

concentrations as (50nM) 5nM/day, (100nM) 10nM/day, (300nM) 30nM/day, and 

(500nM) 50nM/day (Fig 4.1C). Single treatment of HGP-CK2.1 for 7 days at the given 

concentration on C3H10T1/2 micromass cultures demonstrated best chondrogenic 

activity at 5nM/day concentration analyzed using alcian blue staining. 
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Figure 4.1 Synthesis of HGP-CK2.1 drug depots for sustained release. A) Schematic 

illustration of CK2.1 peptide immobilized to HA HGPs via a hydrolytically degradable 

linker. B) Cumulative release of CK2.1 from HA HGPs; Peptide release was monitored 

by UV-Vis at 280 nm. Sustained release achieved with +9.4 wt% release over days 0-4, 

and +5.3 wt% release days 5-7. C) C3H10T1/2 micromass cultures were treated with 

either BMP2 (40nM) or HAHGPCK2.1 (5nM/day, or 10nM/day, or 30nM/day, or 

50nM/day release concentration) stained with Alcian blue after 7 days. BMP2 and HGP-

CK2.1 treated cells showed a significant increase of ECM containing proteoglycans. 

Samples were averaged and normalized to controls. Error bars represent SEM (* 

p<0.05). 

 

4.3.2 Intra-articular injections of HGP-CK2.1 restored cartilage homeostasis in 

DMM mice 

Destabilization of medial meniscus was performed on male C57BL/6J mice of 

age 10 weeks. After 6 weeks, allowing for the secondary injury to be taken place these 

mice were injected with PBS, or 6µM of HGP-CK2.1, or HGP alone via intra-articularly 

once every two weeks. Concentration of HGP-CK2.1 at 6 µM was chosen based on 

peptide loading that release CK2.1 at 500nM per day basis. Two weeks upon the second 

injection mice were sacrificed and femurs were processed, decalcified and embedded in 

paraffin. These samples were sliced and stained for Safranin O and Fast Green. These 

samples were scored for cartilage damage levels using mankins modified semi 

quantitative analysis (Padma P Srinivasan et al., 2012). Analysis compared to SHAM 

operated mice demonstrated a greater repair in mice injected with HGP-CK2.1 versus 

that to HGP alone or PBS (Fig 4.2). Where PBS injected mice had the greatest damage 

sustained with deep fissures and loss of proteoglycan contents.   
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Figure 4.2 Intra-articular injections of HGP-CK2.1 induces articular cartilage 

repair in DMM mice. DMM mice post 6 weeks of surgery (n=6/group) were injected 

intra-articularly with PBS or HGPCK2.1 (6µM) or HGP (6µM) compared to SHAM 

mice. Sample sections were stained using safranin O (red) and fast green (turquoise) 

and scoring was done in four compartments of the knee using a modified semi-

quantitative scoring scale. Mice injected with HGP-CK2.1 showed the greatest cartilage 

repair compared to SHAM. T, tibia; F, femur; M, meniscus. Scale bar represents 50 μm. 

4.3.3 Increased expression of collagen type II and type IX in HGP-CK2.1 

injected DMM mice  

The previous experiment demonstrated HAHGPCK2.1 injected DMM mice 

showed the best restoration of cartilage in comparison to HGP or PBS injected mice. 

AC ECM is intricately packed to include a collagenous and proteoglycan framework. 

Chondrocytes of the AC secret collagen type II that making up the majority of collagen. 

Only 10% is reserved for collagen type IX and XI that is necessary to form covalent 

cross fibrillation for the tensile strength (Eyre, 2002; Itoh et al., 2001). Therefore, to 
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understand the ECM composition of the newly regenerated cartilage, I immunostained 

these DMM cartilage samples for collagen type II and type IX. Analysis of DMM mice 

injected with HAHGPCK2.1 showed collagen type II production was consistent when 

compared to HGP or PBS injected mice but demonstrated elevated levels of collagen 

type IX (Fig 4.3). Increased collagen type IX production, along with collagen type II in 

mice injected with HGP-CK2.1 marks the clear restoration of AC tissue ECM 

components.  
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Figure 4.3 HGP-CK2.1 induced cartilage restoration as a result of collagen type II 

and collagen type IX expression. DMM mice injected with PBS or HGP-CK2.1 or 

HGP and SHAM mice were immunostained for collagen type II (red) and type IX 

(magenta) and Hoechst (blue) was used to determine the nucleus of the residing cell and 

location MF, Medial Femur; AC, Articular Cartilage; MC, Marrow Cavity; PC, Patellar 

Cavity. HAHGPCK2.1 injected mice demonstrated higher levels of collagen type IX 

levels compared to SHAM but in HGP or PBS injected mice. Scale bar representing 100 

μm. 
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4.3.4 Increased expression of collagen type X in HGP and PBS injected mice 

but not HGP-CK2.1 injected 

In OA, chondrocyte hypertrophy is a hallmark event. This terminal 

differentiation of chondrocytes is marked by the production of collagen type X. A 

transition from the production of collagen profile from collagen type II, IX to collagen 

type X necessitates chondrocyte hypertrophy and cartilage degradation. Mechanical 

forces may further aid in this process of cartilage tissue remodeling by enhancing 

collagen type X. Therefore, I immunostained samples for collagen type X. HAHGP 

alone injected mice exhibited a moderate cartilage regeneration in these mice compared 

to PBS, there was still a significant increase in collagen type X in these samples similar 

to PBS injected mice. However, HAHGPCK2.1 injected mice resulted in a low 

expression of collagen type X in the regions of restoration (Fig 4.4).  
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Figure 4.4 DMM mice injected with PBS and HGP induced collagen type X 

expression in articular cartilage but not HGP-CK2.1. DMM mice injected PBS or 

HGP-CK2.1 (6µM) or HGP (6µM) and SHAM mice were immunostained for collagen 

type X (green) and Hoechst (blue) was used to determine the nucleus of the residing cell 

and location MF, Medial Femur; AC, Articular Cartilage; MC, Marrow Cavity; PC, 

Patellar Cavity.  Immunostaining demonstrates increased collagen type X expression in 

AC of PBS and HGP injected mice but not HGP-CK2.1. Scale bar representing 100 µm. 
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4.3.5 No changes in subchondral bone or osteophyte formation in HGP-CK2.1 

injected mice 

Osteophyte formation following cartilage degradation is commonly seen in OA 

like conditions. This phenomenon is shown to be aggravated with excess mechanical 

forces and influence of surrounding growth factor signaling factors on AC. Growth 

factors signaling like that of BMP2 in OA AC is known to enhance cartilage degradation 

and osteophyte formation. Osteocalcin secretion are marked by osteoblast activity 

(Christenson, 1997). HAHGPCK2.1 DMM mice samples were immunostained for 

osteocalcin. The samples did not show osteocalcin expression. Only PBS injected mice 

showed some significant expression of osteocalcin (Fig 4.5).  
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Figure 4.5 DMM mice injected with PBS results in osteocalcin expression but not 

HGP-CK2.1. DMM mice injected PBS or HGP-CK2.1 (6µM) or HGP (6µM) and 

SHAM mice were immunostained for osteocalcin (green) and Hoechst (blue) was used 

to determine the nucleus of the residing cell and location MF, Medial Femur; AC, 

Articular Cartilage; MC, Marrow Cavity; PC, Patellar Cavity.  Immunostaining 

demonstrates increased osteocalcin expression in AC of PBS injected mice but not 

HAHGPCK2.1. Scale bar representing 100 µm.  
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4.4 Discussion 

My previous work demonstrated the potency of CK2.1 induced chondrogenesis in vitro 

and cartilage formation in in vivo (Akkiraju et al., 2016). Here I demonstrated the ability 

of this novel peptide CK2.1 in cartilage repair and cartilage tissue regeneration. In this 

study, a hydrogel particle-based delivery system for the sustained release of CK2.1 

peptide was developed to effectively stimulate cartilage regeneration. The CK2.1 

peptide was covalently conjugated to HGPs through the reaction between the acrylate 

groups on modified HGPs and the cysteine thiol on the peptide by Michael-type addition 

reaction. CK2.1 was attached to particles via a thiol-ether linkage with neighboring ester 

groups and thus the obtained slow release profile of CK2.1 was attributed to the 

hydrolysis of esters groups. Mice were subjected to DMM surgery (OA model) and were 

allowed to sustain secondary insult over 6 weeks post-surgery to create OA like 

conditions (Glasson et al., 2007). Upon 6 weeks post-surgery these mice were injected 

using slow release HGP-CK2.1, or HGP or PBS alone intra-articularly compared to 

SHAM. Injected twice over 4 weeks once every 2 weeks these mice injected with HGP-

CK2.1 demonstrated the greatest cartilage repair in compared to SHAM. Analysis of 

collagen type II, exhibited a correlation toward cartilage repair and ECM formation. 

However, the greatest difference seen among these groups was in analysis of collagen 

type IX and type X. HGP-CK2.1 alone demonstrated a greater collagen type IX 

expression in these samples but not collagen type X, whereas HGP and PBS injected 

had high levels of collagen type X but not type IX. This data confirms with the 
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previously reported data of CK2.1 induced collagen type IX expression in the AC of 

systemic injected mice (Akkiraju et al., 2016). 

Osteoarthritis is characterized by a slow progressive degeneration of the cartilaginous 

tissue. This involves the disruption of structural and mechanical integrity organized 

around proteoglycans and the collagen framework of collagen type II, type IX, and type 

XI fibrillar structures (Poole et al., 1993). Surgical destabilization of the medial 

meniscus instability in animal served as OA models (Glasson et al., 2007). Therefore, I 

used DMM surgery to induce secondary insult to damage the AC. However, while 

instability models like the DMM demonstrate significant damage to the AC, it is to be 

noted that the internal cellular OA like mechanisms may be not be replicated. These OA 

animal models tend to develop susceptibility towards biomechanical loading, or 

regenerative changes like subchondral bone remodeling or osteophyte formation 

(Glasson et al., 2007). However, the DMM model provided the best reproducibility and 

progressive degradation of AC emulating the OA conditions (Glasson et al., 2007). For 

this reason, DMM models were used for this study. Moreover, to minimize the number 

to intra-articular injections of the peptide CK2.1. I employed a slow release system 

using HGP-CK2.1 at the localized site.  

HA is among the most commonly found proteoglycan macromolecule that is 

considered for clinical usage as viscosupplements for joint mobility enhancement 

(Kirchner and Marshall, 2006; Xu et al., 2012). However, HA alone cannot induce 

cartilage repair, it does provide temporary alleviation of pain at the knee (Jazrawi and 

Rosen, 2011). Recently, HA-based hydrogels containing covalently integrated soft and 
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deformable drug depots were developed to release therapeutic molecules in response to 

mechanical forces (Xiao et al., 2013). Intra-articular injection of HGP-CK2.1 is a non-

invasive procedure for the delivery of the therapeutic peptide. Such a particle-based 

formulation allowed for a sustained release for proper tissue regeneration. This cartilage 

tissue regeneration demonstrated a higher level of collagen type II and type IX in HGP-

CK2.1 injected mice that is crucial for the overall development of collagen framework. 

It is well documented that OA chondrocytes actively enhance the levels of collagen type 

II expression in a self-reparative process while simultaneously secreting proteolytic 

enzymes like MMPs (Grimmer et al., 2006). Moreover, an increased expression of 

collagen type IX in HGP-CK2.1 injected mice was observed. AC collagen framework 

depends on the covalent crosslinking of the collagen type II making up majority of the 

collagen network, to collagen type IX and type XI to provide the structural integrity and 

tensile strength (Eyre, 2002). This data confirms with my previous study, where an 

increased expression of collagen type IX in AC was observed in mice injected with 

peptide CK2.1 systemically via the tail vein (Akkiraju et al., 2016).  However, 

hypertrophic chondrocytes along with enhanced production of collagen type X, (marker 

of the terminally differentiated chondrocytes) also produces collagen type II.  These 

hypertrophic chondrocytes marked by the expression of collagen type X actively 

produce matrix metalloproteinases (MMPs) further accelerating the overall destruction 

of the AC collagen framework (van der Kraan and van den Berg, 2012). In this study I 

observed that only HGP and PBS injected mice demonstrated higher levels of collagen 

type X expression but not HGP-CK2.1 injected mice. Moreover, along with AC 
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degradation, OA cartilage also commonly exhibits expression of osteocalcin and 

osteophyte formation (van der Kraan and van den Berg, 2012). My evaluation of mice 

injected with HGP-CK2.1 did not demonstrate an increase in collagen type X or 

osteocalcin levels. Suggesting an inhibitory mechanism for chondrocyte hypertrophy, 

but this needs to be evaluated in the future studies confirming its effects. However, there 

are many questions yet to be answered for future work. For instance, the mechanism in 

which peptide actuates this particular process. Similarly, specific CK2.1 induced 

signaling factors that differ from BMP signaling that contribute to this reparative 

process. Taken together my data suggests this novel peptide CK2.1 regenerates 

damaged cartilage without the induction of chondrocyte hypertrophy and may be a 

promising therapeutic candidate for the treatment OA like conditions.  
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DISCUSSION AND CONCLUSIONS 

Osteoarthritis and osteoporosis, the two most common skeletal disorders are 

idiopathic in nature. These degenerative diseases are commonly observed in aging 

population. Limited number of treatment options are available today, however with 

many side effects and unsuccessful long term outcomes as studies demonstrate 

(Doggrell, 2003; Gates et al., 2009; Mobasheri, 2013). There is no treatment today 

available that can reverse the loss of bone or cartilage. Therapeutic development of 

antibodies, growth factors and peptides treatments are under investigation to slow the 

progression or reverse the loss of bone or cartilage. Among the growth factors, BMPs 

are a potent class of proteins that induce bone and cartilage tissue regeneration (Scarfi, 

2016; van der Kraan et al., 2010). Therefore, BMP signaling pathways are an excellent 

target for the treatment for musculoskeletal diseases like osteoporosis and OA. As 

BMPs are necessary for the development and maintenance of tissue homeostasis. 

Moreover, BMP2 and BMP7 have already been approved for the clinical application in 

nonunion bone fractures and spinal fusions and may therefore be considered for 

osteoporosis related facture treatment. Several studies have also been carried out with 

BMP2 and BMP7 as a treatment for cartilage repair (Badlani et al., 2009; Padma P 

Srinivasan et al., 2012). Therefore, exploiting their signaling pathways to develop 

Chapter 5 
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therapeutic targets is an ideal goal for this study. Nohe lab previously demonstrated the 

novel interaction between BMPRIa and CK2 (Bragdon et al., 2010). Nohe lab has 

designed peptides (CK2.1, CK2.2, and CK2.3) that block the interaction of CK2 with 

BMPRIa, resulting in the activation of downstream signaling in ligand independent 

manner (Bragdon et al., 2011b; Bragdon et al., 2010). This following study allowed me 

to explore peptide mediated activation of osteogenesis and chondrogenesis in vitro and 

in vivo utilizing BMPRIa downstream signaling pathways (Akkiraju et al., 2015; 

Bragdon et al., 2011b; Moseychuk et al., 2013). This study aims to understand the role 

of BMPRIa mimetic peptides CK2.3 and CK2.1 in bone and cartilage formation 

respectively. Previous study successfully demonstrated CK2.3 mediated 

osteoblastogenesis in vitro via the activation of the BMPRIa downstream signaling 

pathway in absence of the ligand (Bragdon et al., 2011c). Additionally, CK2.3 localized 

administrations to calvaria induced bone growth in mice (Bragdon et al., 2011b). In this 

study I have demonstrated that systemic administration of CK2.3 induces trabecular 

bone growth by enhancing osteoblastogenesis and osteoblast activity while 

simultaneously reducing osteoclastogenesis and osteoclast activity (Akkiraju et al., 

2015). Similarly, I have demonstrated CK2.1 induced BMPRIa downstream signaling, 

that resulted in chondrogenesis in vitro and cartilage formation and repair in vivo.  
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5.1 BMP2 induced osteoblast and osteoclast activity, potential osteoporosis 

therapeutic? 

Research has demonstrated the activity of BMPs in their ability to induce bone 

and cartilage formation by influencing the MSC commitment to bone and cartilage cells 

(Tsumaki et al., 2002).  However, recent studies have also demonstrated the effects of 

BMP2 induced osteoclastogenesis (Itoh et al., 2001). This synergistic function of 

osteoblasts and osteoclasts form the mineralized matrix provide the skeletal frame work. 

BMP2 induced Smad and MAPK signaling in osteoblastogenesis is well documented 

(Yamaguchi et al., 1996). Moreover, it has been demonstrated that BMP2 induces 

osteoclast differentiation indirectly by activating osteoblast induced RANKL secretion 

and cross talk with NF-κβ signaling pathway allows for osteoclast survival (Itoh et al., 

2001). An imbalance between the osteoclast and osteoblast activity where bone 

resorption exceeds bone formation leads to progressive degenerative disorders like 

osteoporosis. Therefore, BMP2 treatments may not be a considerable option, as its 

action in inducing osteoclastogenesis and activity may lead to accelerated bone loss in 

aging population. This is consistent with previously published data demonstrating 

increased osteoclast activity induced by BMP2 (Akkiraju et al., 2015; Bragdon et al., 

2011b). However, instead of higher osteoclast number, higher osteoclast activity was 

observed in mice injected with BMP2 (Akkiraju et al., 2015). While this peptide CK2.3 

mediated osteogenesis downstream of BMPRIa led increased bone formation similar to 

BMP2 treatments. However, CK2.3 injected group demonstrated neither osteoclast 

number nor their activity (Akkiraju et al., 2015).  
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5.2 CK2.3, BMPRIa mimetic peptide an alternative to BMP2 

BMP2 may not be a suitable standalone therapeutic for osteoporosis due to its 

potential side effects. In my study BMPRIa mimetic peptide CK2.3 induced 

mineralization and bone formation without the effects of osteoclast activity. Serum 

levels of mice injected with CK2.3 consisted of higher Osteocalcin and ALP levels 

(markers of osteoblast activity), but no effect was seen in TRAC5B levels (marker of 

osteoclast activity). Although, BMP2 injected mice demonstrated significant bone 

formation their serum levels of  TRAC5B were also elevated indicative of the osteoclast 

activity (Akkiraju et al., 2015). CK2.3 induced bone formation demonstrated an increase 

in overall trabecular density greater than that of BMP2 injected group. However, since 

these mice were administered BMP2 and CK2.3 doses for a short period of time may 

result in limited potency. Furthermore, Nohe lab has previously report CK2.3 in the 

inhibition of osteoclastogenesis and osteoclast activity (Bragdon et al., 2011b). This was 

confirmed in current study of mice systemically injected with CK2.3 resulting in the 

inhibition of osteoclast differentiation and activity (Akkiraju et al., 2015). These data 

confer the specificity of CK2.3 induced osteoblast activation and bone formation 

without osteoclast activation. Thus proving CK2.3 as a potential alternative to BMP2 

for inducing bone formation.  

5.3 CK2.3 induced specific BMPRIa downstream signaling for bone growth  

Previous work also demonstrated that CK2.3 stimulations of C2C12 cells induced 

mineralization alone but not adipogenesis, while peptide CK2.1 induced both (Bragdon 
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et al., 2011b; Moseychuk et al., 2013). Moreover, studies using site directed mutations 

of the CK2.3 site (MCK2.3) on BMPRIa yielded similar results as that of peptide CK2.3 

stimulations. Similar to peptide CK2.3 treatments, MCK2.3 transfections exhibited the 

potential to mineralize by inducing osteoblast differentiation but not adipocyte 

differentiation in C2C12 cells (Moseychuk et al., 2013). In this study I have 

demonstrated CK2.3 induced bone formation is possible through the activation of 

pERK1/2 in vivo (Akkiraju et al., 2015), this is confirmative from previous MCK2.3 in 

vitro study (Moseychuk et al., 2013). Furthermore, previously reported treatments of 

CK2.3 and MCK2.3 induced osteogenesis utilizing Smad and ERK1/2 pathways in vitro 

(Bragdon et al., 2011b; Moseychuk et al., 2013). It is shown that ERK1/2 activation is 

necessary for osteoblast differentiation (Matsushita et al., 2009). However, the ERK1/2 

pathway that initiates osteoblastogenesis also regulates osteoclastogenesis as a 

secondary effect (Matsushita et al., 2009). This effect was not observed in CK2.3 

induced ERK1/2 activation in vivo. Therefore, CK2.3 seems to be more specific in its 

activity of bone formation without inducing osteoclast activity.  

With aging of the bone, there is a shift in bone marrow composition. In adult 

BMSCs from bone marrow commonly favor adipogenesis over osteoblastogenesis. In 

osteoporosis, this is a major concern. Osteoporotic bone is composed of increasing 

adipocytes and elevated levels of active osteoclast (Boyle et al., 2003; Yeung et al., 

2005).  Skeletal ageing studies reported that anabolic activity of BMP2 induced 

osteoblastogenesis is decreased, suggesting that impairment of BMP2 function may be 
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characterized as a molecular pathogenic response in osteoporosis (Bessho and Iizuka, 

1993; Fleet et al., 1996; Matsumoto et al., 2001). BMP2 being pleiotropic also functions 

in inducing adipogenic differentiation of BMSCs (Takada et al., 2012; Zappitelli et al., 

2015). This may explain BMP signaling shift from bone formation to fat formation of 

the marrow, resulting in adipocyte development in areas where bone is lost. Moreover, 

long term studies have not been conducted from research confirming BMP2 as a 

potential therapeutic. For that reason, we need to consider these possibilities when 

choosing BMP2 as a long term therapeutic especially in osteoporotic conditions. 

Unlike BMP2 treatments, BMPRIa mimetic peptide CK2.3 treatments 

demonstrated no signs of adipogenic response or the activation of osteoclasts in vivo as 

demonstrated previously (Akkiraju et al., 2015; Bragdon et al., 2011b; Moseychuk et 

al., 2013). Moreover, I detected peptide CK2.3 in the trabecular marrow cavities, 

suggesting a higher half-life compared to BMP2 (Akkiraju et al., 2015; Friess et al., 

1999). Therefore, CK2.3 not only inhibits osteoclasts, and activates osteoblasts, but also 

does not demonstrate divergent functions as BMPs do. Using peptide CK2.3 I have a 

unique opportunity to understand BMP induced signaling events that control bone 

formation. This could allow us to identify the molecular targets for future therapeutic 

development.  

5.4 BMP2 in cartilage and OA 

Another well-known function of BMP2 is formation and maintenance of articular 

cartilage. BMPs are present in all phases of chondrogenesis, they have shown to regulate 
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this by activating several chondrocyte specific gene expression (Chimal-Monroy et al., 

2003; Pan et al., 2008).  BMPs control all phases of chondrocyte development from 

MSC to chondrogenic differentiation to terminal differentiation of the chondrocyte till 

apoptosis. Their activity is indispensable for the proper articular cartilage formation. 

BMPs not only stimulate MSC condensation, but also have a strong effect on 

chondrocyte proliferation and matrix synthesis (Goldring et al., 2006; van der Kraan et 

al., 2010). Overexpression of BMP2 resulted in up-regulation of Sox9 gene expression 

in murine fracture models indicating enhancement of chondrogenesis mediated by 

BMP2 (Uusitalo et al., 2001).  BMP2 is not limited to cartilage formation alone, but 

also for cartilage repair and cartilage homeostasis.   

BMP activity boosts all phases of chondrocyte differentiation, via the Smad 1/5 

and MAPK signaling pathways, including chondrocyte terminal differentiation 

(Kobayashi et al., 2005; Pizette and Niswander, 2000; Retting et al., 2009). Although, 

BMP2 is chondro protective, BMP2 also induces terminal differentiation of 

chondrocytes. Once terminally differentiated, chondrocytes switch protein production 

profiles of collagen type II, type IX, type XI, and proteoglycan production to collagen 

type X that in turns increases the expression levels of MMPs (Goldring, 2012; van der 

Kraan et al., 2010). In OA cartilage, BMP2 levels increase beyond their physiological 

levels (Liu et al., 2015), as a consequence elevation of MMPs like MMP13 are 

commonly observed (Caron et al., 2013; Zheng et al., 2003). However, elevated levels 

of BMP2 in OA not only increase the levels of MMP13 but also collagen type II.  This 
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simultaneous secretion of collagen type II and MMP13 may be an attempt for repairing 

the lost cartilage ECM to balance tissue homeostasis (Aigner et al., 2006; Aigner et al., 

2001; Hermansson et al., 2004). However, the imbalance between ECM production and 

excessive ECM degradation leads to OA. Furthermore, osteophyte formation is also a 

secondary consequence of OA. BMP2 along with TGFβ and Wnt signaling have shown 

to induce osteophyte formation (Nakase et al., 2003) Therefore, therapeutic approaches 

should consider not only restoring cartilage structures but also slow the progression of 

OA and lowering chondrocyte terminal differentiation. My study with the peptide 

CK2.1 demonstrated promising results by inducing chondrogenesis in vitro and 

cartilage formation and cartilage repair in vivo without inducing chondrocyte 

hypertrophy. 

5.5 CK2.1 induced chondrogenesis; a possible inhibitor of chondrocyte 

hypertrophy 

In this study I demonstrated the potential of the peptide CK2.1 mediated 

chondrogenic properties, via the activation of BMPRIa downstream signaling pathways. 

Previous studies in C2C12 cells have demonstrated CK2.1 mediated Smad activity, in 

the absence of BMP2 ligand (Bragdon et al., 2011b). CK2.1 mediated signaling initiated 

mineralization in C2C12 cells, this is due to C2C12 commitment is limited to adipocyte, 

osteoblast, myoblast but not chondrocytic development. Therefore, choosing a cell line 

that is known for multiple differentiation pathways I implemented the use of 

C3H10T1/2 cells, a commonly used model to test osteogenesis and chondrogenesis. I 
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have also used primary bovine chondrocyte cultures for their potential to secrete 

chondrogenic ECM. It has been shown that BMP2 induces osteogenesis in monolayers 

and in micromass cultures chondrogenic differentiation in C3H10T1/2 (Denker et al., 

1999). My initial testing of the CK2.1 treatment in monolayer and micromasses yield 

interesting results. In vitro stimulations of CK2.1 in C3H10T1/2 micromasses induced 

chondrogenic differentiation equivalent to BMP2 stimulations (fig 3.2). Although, 

monolayer C2C12 cells treated with CK2.1 at 100nM induced osteogenesis in 

C3H10T1/2 cells it did not. However, BMP2 stimulations and peptides CK2.2, and 

CK2.3 were consistent in inducing osteogenesis (fig 3.6). Therefore, peptide CK2.1 

alone demonstrated positive chondrogenic potential without the induction of 

osteogenesis while CK2.2 and CK2.3 induced osteogenic potential but not 

chondrogenic. In vitro treatments of CK2.1 induced chondrogenesis in C3H10T1/2 cells 

also enhanced protein production of collagen type II, but not collagen type X (marker 

of hypertrophic chondrocytes). This was also similar in bovine chondrocytes stimulated 

with CK2.1 that produced a positive collagen type IX along with collagen type II. This 

is in sharp contrast to BMP2 stimulations, while enhancing collagen type II production, 

also induced collagen type X production in C3H10T1/2 and bovine chondrocytes but 

not collagen type IX that is observed in CK2.1 treatments of bovine chondrocytes. This 

demonstrated BMP2 activity in influencing chondrocyte hypertrophic differentiation. 

These results were confirmed by analyzing the following mRNA profiles of adult 

chondrocytes that are known to actuate the following chondrogenic protein production. 

By the end of third week CK2.1 stimulated cells greatly expressed SOX9 and ACAN 
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but not MEF2C or RUNX2 (markers of hypertrophy). These genes are responsible for 

inducing chondrogenic potential that would correlate to the protein production observed 

from my analysis (Blumbach et al., 2009; Juhasz et al., 2014; Pan et al., 2008; Rainbow 

et al., 2014). However, BMP2 stimulations resulted in the expression of MEF2C and 

RUNX2 that are known to be chondrocyte hypertrophic markers (Arnold et al., 2007; 

Yoshida et al., 2004).  In vitro analysis of CK2.1 has provided us the insight into its 

chondrogenic potential without the induction of chondrocyte hypertrophy. Furthermore, 

in vivo testing also resulted in similar results. 

In vivo systemic administration of CK2.1 in mice induced cartilage growth 

similar to that of BMP2 administered groups. To investigate the development of OA in 

the knee I analyzed femurs for cartilage formation. Both BMP2 and CK2.1 injected 

mice femurs demonstrated collagen type II production, but major discrepancies were 

observed in the profiles of collagen type IX and type X. In my in vitro data I 

demonstrated that mice injected with CK2.1 induced collagen type IX along with 

collagen type II but not collagen type X. In contrast, BMP2 injected mice demonstrated 

higher levels of collagen type X but not collagen type IX. In chapter 2 I discussed 

systemic injections of BMP2 induced bone growth, and in chapter 3 I demonstrated that 

CK2.1 injected mice did not induce bone growth as BMP2 injected group. This may be 

an indication of subchondral changes that may have manifested if the study had gone 

longer and more dosages were administered to these mice. BMP2 systemic injections 

led to bone growth and AC formation. Furthermore, I observed the activity of BMP2 
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induced chondrocyte hypertrophy while CK2.1 treatment do not. This is particularly 

interesting as BMP2 is reported to be catabolic to cartilage only in OA conditions (Liu 

et al., 2015). Therefore, highlights the relationship between BMP2 and hypertrophic 

phenotype that would indicate subchondral bone turnover. As reports indicate that 

progression of OA leads to changes in subchondral changes (Buckland-Wright, 2004). 

Also to be noticed is that in CK2.1 injected mice there were no abnormal changes in 

organs weights or shapes. However, a complete comprehensive study to understand 

clearance rates, and toxicity across a range of CK2.1 doses should be performed in the 

future to identify changes associated with CK2.1 administration.  

The potential of CK2.1 as truly chondrogenic and chondro protective nature was 

observed in the OA model. Previously it has been shown that slow release BMP2 as a 

potential therapeutic model in enzyme induced damage to the articular tissue in mice 

(Srinivasan et al., 2012). However, the severity of this model is not robust to emulate 

OA conditions. Therefore, I adopted DMM model for my studies as it is robust in 

emulating progression of OA (Glasson SS, 2007). Using hyaluronic acid based gels as 

drug depots CK2.1 was covalently conjugated to the gels that will release based on ester 

bond hydrolysis (Xiao et al., 2013). Mice with post-secondary damage to the AC of the 

knee were intra-articularly injected with slow release HAHGPCK2.1 that were injected 

intra-articularly twice over 4 weeks, once every two weeks resulted in a proficient 

cartilage repair. Main differences observed were in the collagen profiles as previously 

seen from the systemic CK2.1 injected mice. While this collagen type II was normal 
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across the groups, collagen type IX was highly expressed in HAHGPCK2.1 injected 

group alone and the least collagen type X secretion indicating a complete recovery of 

AC. Collagen molecules usually take a long time to produce in comparison to 

proteoglycans(Eyre, 2002). To form the collagenous framework, it is necessary to have 

larger collagen type II, and the smaller collagen type IX. This is interesting due to the 

fact till now there is no protein or pharmacological agent that had shown complete 

recovery of the damaged AC tissue and restoring collagen framework. Peptide CK2.1 

consistently demonstrated chondrogenic potential without inducing chondrocyte 

hypertrophy in vitro and in vivo. This is a unique peptide that actuates complete cartilage 

repair in mice without the side effects that is reported with BMP2 usage.  

5.6 Specific CK2.1 activated BMPRIa signaling for chondrogenesis  

I demonstrated the CK2.1 mediated BMPRIa downstream activation of Smad 

pathway using reporter assays in C3H10T1/2 cells. This reporter assay for Smad activity 

was consistent with the previously reported work, in C2C12 cells (Bragdon et al., 

2011b). Here ERK1/2, and AKT may be involved in the chondrogenic activity and may 

thus maintain a chondro protective role by inhibiting chondrocyte hypertrophy. It is 

reported that Smad 1 and Smad 5 are necessary for development and maturation of 

chondrocytes for the formation of AC (Retting et al., 2009). Also BMP induced 

TAB1/TAK1 and MAPK pathways can induce chondrogenesis (Retting et al., 2009). 

There are many studies that report the differences in ERK1/2 and p38 activation induced 

by BMP2. However, a conclusive stand point has not been reached that demonstrates a 
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possible MAPK mechanism that induces chondrogenesis and that inhibiting 

chondrocyte hypertrophy. Recent studies demonstrated that ERK1/2 is necessary for the 

maturation of chondrocytes, while p38 necessary maintaining chondrogenic potential 

without inducing chondrocyte hypertrophy (Braem et al., 2012; Jin et al., 2006; Kim 

and Im, 2010; Nakamura et al., 1999). Another downstream signal activated by BMP2 

is PI3K/AKT that has also shown to induce chondrocyte maturation but inhibiting 

chondrocyte hypertrophy (Kakoi et al., 2014).  

In this study I observed that BMPRIa mimetic peptide CK2.1 as a potent inducer 

of chondrogenesis in vitro and in vivo without inducing chondrocyte hypertrophy. Data 

analysis using CK2.1 mediated chondrogenesis was consistent in in vitro and in vivo. 

The protein profiles analyzed demonstrates chondrogenic activity enhancing the 

production of collagen type II and collagen type IX without collagen type X production. 

This is important as research demonstrates the generation of collagenous framework 

requires the larger collagen type II, and the smaller collagens type IX and type XI (Eyre, 

2002). I demonstrated equivalent levels of Smad activity between CK2.1 and BMP2 

treatments. However, the phenotypical results vary where BMP2 treatments induced 

chondrocyte hypertrophy but CK2.1 did not. This is expected as BMP2 is pleiotropic in 

nature and may initiate multiple pathways, while peptide CK2.1 may activate specific 

BMPRIa signaling pathways to steadily enhance the chondrogenesis and inhibit 

terminal differentiation. However, it is not sure if peptides can elicit similar level of 

potency as that of TGFβ or BMP2, but it could be used synergistically to exploit its 



 138 

chondrocyte hypertrophy inhibitory attributes to develop a more sustained drug 

therapeutic. For future studies it is important to identify the proper signaling cascades 

stimulated by CK2.1 mediated BMPRIa activation, to understand the process of 

chondrogenesis and identify those signaling factors that inhibit terminal differentiation 

pathways. There are no current pharmacotherapies that can restore the lost cartilage nor 

slow the progression of OA. Current treatments for the late stage OA, are either 

arthroplasty or the more recent MSC therapies. Both are expensive and invasive 

procedures, non-invasive and economical approaches are necessary for long term 

treatment option. Understanding the peptide mediated signaling cascades allows for the 

development of a more suitable target that can treat OA. 

5.7 BMPRIa mimetic peptides CK2.3 and CK2.1, potential therapeutic for 

osteoporosis and osteoarthritis? 

This novel mimetic peptides CK2.3 and CK2.1 provides an interesting approach 

for understanding the BMPRIa mediated signaling pathways that can be exploited as 

targets for osteoporosis and OA therapeutic development. There are still many things to 

be considered before these peptides themselves can be used as therapeutics. 

Understanding peptide mediated BMPRIa activation is crucial to understand to mediate 

signaling events that can be controlled. Following things have to be addressed still; 1) 

rate of uptake of these peptides into the cells, 2) confirm peptide interaction with CK2 

at BMPRIa site and identify potential crosstalk, 3) delineate the signaling pathways 

initiated by the peptide downstream of BMPRIa, and 4) look for dose responses in 
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animals to identify EC50, IC50 and also to rule out LD50 values for safety of 

administration. All these aspects must be addressed for the development of these 

peptides as therapeutics. Nevertheless, these peptides CK2.3 and CK2.1 are unique, and 

I can use them as tools to identify the molecular targets that can be used to treat bone 

loss in osteoporosis and cartilage repair in OA. 
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FUTURE DIRECTIONS 

6.1 Assess peptide induced BMPRIa activation 

Previous work from Nohe lab and this study demonstrated the peptide mediated 

Smad activity downstream of BMPRIa (Akkiraju et al., 2016; Bragdon et al., 2011b). 

In the absence of the ligand, I was able to demonstrate the peptide mediated 

osteogenesis, and chondrogenesis equivalent to that of BMP2 treatment in vitro and 

their activity of bone and cartilage formation in vivo. However, peptide activity at the 

receptor level is yet to be identified. These peptides are sequenced with the CK2 binding 

motifs of the BMPRIa receptor and antennapedia homeodomain (amphiphilic in nature) 

for cellular uptake. I observed the various affects peptides elicit in vitro and in vivo, but 

there are many questions to be answered for understanding the peptide mediated 

activity. Therefore, it is vital to delineate the mechanism behind peptide mediated 

BMPRIa activation.  

Peptides were designed to interact with CK2 sparing the receptor. This 

interaction can be hypothesized as a competitive inhibition. This possible Competitive 

inhibition of CK2 by the peptides may allow for the phosphorylation sites to be available 

on BMPRIa for downstream signaling. Moreover, by identifying the kinetics of peptide 

Chapter 6  
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binding to CK2 and CK2 binding to BMPRIa, we could determine the receptor 

phosphorylation levels that modulate receptor activation sequences for downstream 

signaling. Nohe lab has demonstrated that BMP2 ligand binding to the receptor complex 

leads to the release of CK2 from the type I receptor (Bragdon et al., 2009; Bragdon et 

al., 2010). However, it is not yet known if the CK2 binding leads to phosphorylation of 

a certain serine kinase that inhibits the downstream signaling. It is therefore important 

to identify the role of CK2 interaction to BMPRIa. Furthermore, identifying peptide 

cellular uptake ratios for receptor activation times specific to each peptide may shed 

light on the specificity of the peptide mediated BMPRIa activation and the level of CK2 

interaction with the receptor. This will allow proper identification of the downstream 

signal pattern pertaining to the individual peptides. Additionally, it is necessary to 

identify the route of peptides induced receptor activation either by endocytosis through 

caveolae or CCP. It is reported earlier that receptor activation through specific lipid 

domains cause specific signaling cascades to be initiated (Bragdon et al., 2009; Hartung 

et al., 2006). To prove that peptides activation is through blocking CK2 interaction I 

have used site directed mutagenesis studies of the receptor. I have tested site directed 

mutations of CK2.3 (MCK2.3) and CK2.2 (MCK2.2) that proved to elicit similar 

activity as peptide induced signaling activity and affects (Moseychuk et al., 2013), 

mutations of CK2.1 site (MCK2.1) is yet to be tested in vitro. Identifying the differences 

of MCK2.1 versus CK2.1 would ascertain the differences in receptor signaling that 

controls the cellular phenotype.  
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Interestingly, BMP ligands are a class of potent proteins that interact with 

multiple receptors unlike the peptide which are specific to single receptor. However, it 

is also important to truly confirm the peptide specificity towards a single receptor. As I 

demonstrated in this study that peptide CK2.3 and CK2.1 demonstrated equivalent 

potency as BMP2 mediated bone and cartilage growth respectively. While BMP2 

treatments in vivo induced both cartilage and bone, peptides were specific in their 

activity. It is interesting to note that BMP2 affinity to bind to multiple receptors in 

different tissues led to off target effects while peptide treatments maintained their 

potency to one particular tissue compartment. This being said, peptides may not be as 

truly potent as the ligand itself, but by consistently modulating single receptor activity 

could override other possible off target effects leading to the overall bone and cartilage 

formation. However, this needs to be answered in more detail to completely understand 

how the peptides may mediate this specificity. Addressing these questions will lead us 

closer to understanding receptor activation mechanisms and also allow us to control the 

target areas of the receptor to activate specific downstream signals.  

6.2 Identify specific signaling cascades activated downstream of BMPRIa by the 

peptides 

My work demonstrated the peptides CK2.3 and CK2.1 activity in vitro and in vivo 

by activating the BMPRIa downstream signaling for initiating osteogenesis, and 

chondrogenesis as demonstrated in chapters 2, 3, and 4 (Akkiraju et al., 2016; Akkiraju 

et al., 2015; Bragdon et al., 2011b; Moseychuk et al., 2013). However, peptide mediated 
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osteogenesis, and chondrogenesis utilizing different signaling pathways downstream of 

the same receptor system. Furthermore, peptide CK2.3 initiated osteoblastogenesis and 

bone formation, but not osteoclastogenesis and bone resorption as a secondary 

consequence commonly observed in BMP2 mediated bone formation (Itoh et al., 2001). 

Similarly, CK2.1 induced chondrogenesis, cartilage formation and cartilage restoration 

is not followed by chondrocyte hypertrophy, that is commonly the path influenced by 

BMPs especially BMP2 that is known to induce chondrocyte hypertrophy (van der 

Kraan et al., 2010). Interestingly, by identifying the peptide affinity towards the CK2 at 

the receptor level could provide us the information necessary to understand the 

dynamics of receptor phosphorylation. This may answer the specific modality of 

downstream signal activation specific to the particular peptide and those signaling 

pathways that contribute to the affects observed in this study. Studying these peptide 

mediated signaling pathways is ideal for identifying therapeutic targets beneficial for 

bone and cartilage formation. Identifying the canonical and non-canonical signaling 

cascades not only allow for development of therapeutic targets but also provide us the 

insight into understanding the signaling events specific to bone and cartilage formation. 

6.3 Identify the differentially regulated genes activated by peptide mediated 

BMPRIa downstream signals 

I demonstrated the potential of these peptides activity in bone and cartilage 

formation (Bragdon et al., 2011b). Along with the identification of the downstream 

signals, it is also important to identify the differentially regulated genes that are 
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responsible for the phenotypical outcome initiated by the peptides. Many studies using 

growth factors report the genes that regulate protein productions. Since these peptides 

exhibit linearly controlled activity, identifying their genes that control these signaling 

cascades will be beneficial at the transcriptional stages. This allows for greater 

understanding of transcriptional regulators for tissue formation.  

6.4 Study peptide CK2.3 mediated bone formation in disease models 

Previous studies and this current study used healthy mice as animal models for 

bone formation (Bragdon et al., 2011b). Using osteoporotic disease animal models 

better helps us determine the peptide efficacy in initiating the overall bone regeneration 

in animals with low bone density (Bonucci and Ballanti, 2014). Osteoporosis is caused 

by many factors in the aging population. Most commonly affecting post-menopausal 

women due to the varied levels of estrogenic activity. Therefore, using ovariectomized 

(OVX) animals that better represents the osteoporotic conditions can serve to test the 

peptides activity (Lelovas et al., 2008). Similarly, glucocorticoid induced activity could 

also lead to osteoporosis and inducing such conditions in animal models is another 

method to test if the peptide could reinvigorate bone formation (Fraser and Adachi, 

2009). It is also beneficial to do strain tests on the peptide CK2.3 treated OVX animals 

to determine the condition of the bone regenerated.  

In aged population the major drawback of instigating repair of musculoskeletal 

tissue is the variations of MSCs populations surrounding the tissue (Veronesi et al., 

2011). It would be worth noting the mechanism in which the peptides actuate their 
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response in tissue growth or repair. Interestingly, it could be through either the 

utilization of MSC cell progenitors from the marrow cavities or through the re-

differentiation of the cellular populations or activating the existing population of 

differentiated cells around the tissue. It is important to answer this as in aged population 

MSC levels vary greatly and depletion of MSC leads to the lack of proper repair, and 

by trans-differentiating the cellular population may lead to unexpected or unwanted 

results.  

6.5 Test peptide CK2.1 induced cartilage formation in higher species and using 

biophysical analysis to validate tissue construction 

Peptide CK2.1 treatments exhibited cartilage formation in similar capacity to 

BMP2 treatments and complete cartilage recovery. It is necessary to test the collagen 

fibril formation and complex interwoven structures using biophysical analysis like 

Second Harmonic Generation (SHG) imaging that can determine the proper 

crosslinking of newly formed collagenous tissue and overall nanomechanics of the ECM 

(Han et al., 2011). This will help us understand if restored cartilage from DMM mice 

induced by peptide CK2.1 has properly formed collagen network that is necessary to 

withstand the tensile forces placed on the joint. It would be beneficial to test the peptides 

activity in animal systems other than rodents, namely canine models that naturally suffer 

from joint issues. In vitro peptide CK2.1 activity was tested in mouse and bovine cells. 

It would be interesting to determine the peptides activity on chondrocytes of species like 

that of human or canine, that generally suffer from the cartilage related diseases allows 
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for studying the peptide CK2.1 action on receptor activation in disease proned 

conditions and not only in induced damage models like DMM (Gregory et al., 2012). 

6.6 Design nanoparticle conjugate systems to deliver and monitor peptide 

trafficking in vivo  

Nanoparticle conjugate systems would allow us to track the peptide movement in 

vivo. Utilizing this we could track and systematically deliver the peptide to the 

compartment of choice using new age nanoparticle delivery systems as described by 

Altai et al (Altai et al., 2016).    

6.7 Study Osteo-Chondro crosstalk 

I have observed the peptides CK2.3 Specificity for bone formation and CK2.1 

specificity for cartilage formation. By studying the synergistic effects of these peptides 

in vitro in multipotent stem cells and differentiated osteoblasts and chondrocytes 

would provide a prospect in delineating the underlying signals that are responsible for 

subchondral bone crosstalk with chondrocytes of AC that initiates chondrocyte 

hypertrophy, and also determine the differences within the common signaling factors 

that are necessary for MSC differentiation to chondrocyte and osteoblasts. 
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AN IMPROVED IMMUNOSTAINING AND IMAGING METHODOLOGY TO 

DETERMINE CELL AND PROTEIN DISTRIBUTIONS WITHIN THE BONE 

ENVIRONMENT. 

Abstract 

Bone is a dynamic tissue that undergoes multiple changes throughout its life time. Its 

maintenance requires a tight regulation between the cells embedded within the bone 

matrix and an imbalance between these cells may lead to bone diseases such as 

osteoporosis. Identifying cell populations and their proteins within the bones is 

necessary for understanding bone biology. 

Immunolabelling is one approach used to visualize proteins in tissues. Efficient 

immunolabelling of bone samples often requires decalcification, which may lead to 

changes in the structural morphology of the bone. Recently Methyl-methacrylate 

embedding of non-decalcified tissue followed by heat induced antigen retrieval was 

used to process bone sections for immunolabelling. However, this technique is 

applicable for bone slices below 50µM thickness while fixed on slides. Additionally, 

enhancing epitope exposure for immunolabelling is still a challenge. Moreover, imaging 

bone cells within the bone environment using standard confocal microscopy is difficult.  

Here we demonstrate for the first time an improved methodology for immunolabelling 

of non-decalcified bone using a testicular hyaluronidase enzyme based antigen retrieval 

technique followed by two photon fluorescence laser microscopy (TPLM) imaging. 

Appendix C 
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This allowed us to image key intracellular proteins in bone cells while preserving the 

structural morphology of the cells and the bone.   

 

Introduction 

Bone formation is a tightly regulated process that requires coordination between 

osteoclasts and osteoblasts in the bone. The interaction and communication between 

different cell types within the bone environment leads to a densely packed rigid structure 

comprised of inorganic minerals, collagenous and non-collagenous matrix (Clarke, 

2008). These cells are embedded within this mineralized matrix that is crucial for the 

proper functioning of bone (Clarke, 2008). In progressive bone disorders like 

osteoporosis, bone structures are weakened due to an imbalance between bone 

formation and bone resorption leading to bone fractures. Studying the bone 

composition, especially the localization of cells within the bone matrix and their protein 

regulation is important to better understand bone turnover. However, to achieve this 

goal, cells must be preserved in their native calcified structures.  

Immunohistochemistry (IHC) is an attractive tool to determine cell localization and 

protein expression within tissues. However, application of this technique to bone is 

limited due to several drawbacks (Matos et al., 2010). Common practices of sample 

preparation for IHC involve paraffin embedding of the decalcified bone tissue (Yuehuei 

H. An, 2003). However, decalcifying bone leads to the loss of trabecular integrity, 

causing changes in the overall morphology, and makes it difficult to maintain the same 

bone cell environment compared to the native mineralized bone. Alternatively, Methyl 
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methacrylate (MMA) embedding of non-decalcified bone can be used to preserve the 

bone structure with the inorganic phosphates (Erben, 1997). However, sectioning of 

these MMA embedded bone samples is difficult. Following MMA embedding 

conventional IHC is performed using heat induced antigen retrieval. However, heat 

induced antigen retrieval is a complicated process that requires extreme precision in 

controlling the temperature to save the sample from destruction (Merchant et al., 2006). 

Microwave based heat induced retrieval is another approach to this technique (Blythe 

et al., 1997). However, controlling the correct temperature is a very important aspect of 

this technique (Yang et al., 2003). Heat induced antigen retrieval is commonly utilized 

for sections under 10µM thickness for IHC. The samples are then mounted on slides 

and the structural defects and changes in protein activity at the subcellular level are 

analyzed by confocal microscopy (Wittenburg et al., 2009). However, the number of 

fluorophores that can be used are severely limited and the technique still requires other 

alternatives to improve antigen availability (Yang et al., 2003). Additionally, the quality 

of the images obtained is limited due to low fluorescent intensity from the samples. 

Moreover, only small areas can be analyzed that are around 0.18 mm2 compared to the 

large area covered by the tile scan around 1.62 mm2.   

 

Here we demonstrate for the first time the application of a testicular hyaluronidase based 

antigen retrieval method on non-decalcified tissues followed by TPLM imaging. 

Testicular hyaluronidase successfully exposes the antigen epitopes in multiple tissue 

types (Jurukovski et al., 2005; Suetterlin et al., 2004). However, it was not applied to 
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MMA embedded bone samples until now. Our method used testicular hyaluronidase 

without heating of the sample for a milder antigen retrieval. This prevented morphing 

of the sample without the necessity of fixation on a slide. Furthermore, we used TPLM 

imaging to penetrate deeper into the bone. We demonstrate here the imaging of a larger 

area and obtain higher quality images. Using a combination of these techniques allowed 

us to identify intracellular proteins without altering the gross morphology of the bone. 

Additionally the anatomical distinctions between different cell populations was also 

clearly resolved. 

 

Materials and Methods 

Mice 

All C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, Me) and 

maintained under conventional conditions. The animal protocol was approved by 

IUCAC at the University of Delaware and The Jackson Laboratory. At eight weeks of 

age, female C57BL/6J mice (n = 7/group) were injected in the tail vein with 50 µl of 

PBS for 5 days. This protocol was a part of the previous study (Akkiraju et al., 2015). 

Mice were sacrificed four week after the last PBS injection and femurs were isolated 

and fixed using 10% neutral buffered formalin for 48 hours at 4oC before processing. 

For this work we used mice samples n = 3 (out of n = 7/group) as other samples were 

used for previous work (Akkiraju et al., 2015).  

 

Histology 
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Bones fixed in 10% Neutral Buffered Formalin (NBF) were embedded using modified 

protocol according to O’Brien (O'Brien et al., 2000). Chemicals purchased for 

infiltration and embedding were Methyl Methacrylate (MMA) (Acros, New Jersey, 

USA), N- Butyl Pthalate, and Benzoyl Peroxide (Wet) (Fisher Scientific, Fair Lawn, 

New Jersey, USA) dried carefully. Fixed bones were washed with PBS thoroughly at 

room temperature. Subsequently, bones were dehydrated using serial changes of ethanol 

gradients at 70% (8 to 16 hours), 90% (8 to 16 hours), 95% (8 to 16 hours), 100% (8 to 

16 hours), 100% (8 to 16 hours), 2 changes of 2-propanol (8 to 16 hours each rinse) and 

2 changes of clearing solution methyl salicylate (4 hours each). After complete 

dehydration, samples were infiltrated first with MMA I (765ml MMA + 140ml n-Butyl 

Pthalate) solution at room temperature for 48 hours, next MMA II (765ml MMA + 

140ml n-Butyl Pthalate + 9.0g Dry Benzoyl Peroxide) solution at 4 C̊ for 48 hours, and 

last in MMA III (765ml MMA + 140ml n-Butyl Pthalate + 17.75g Dry Benzoyl 

Peroxide) solution at 4C for 48 hours. MMA III thickened is polymerized in glass vials 

where the infiltrated samples were placed on the polymerized layer of plastic and 

allowed to polymerize for 7 days in 40oC oven. Polymerized blocks were trimmed and 

sectioned at 200m using (10.2cm X 0.3mm) using IsoMet Low Speed Saw (Buehler, 

Illinois, USA) with diamond wafering blade (Buehler, Illinois, USA) and sanded down 

to even the surface using CarbiMet Abrasive Discs MicroCut PSA 12in 1200[P2500] 

(Buehler, Illinois, USA)\ grade sand paper to thin surfaces.  

 

Morphological Staining 
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MMA embedded samples cut and sanded were stained using Villanueva Osteochrome 

bone stain according to the manufacturer protocol (Polysciences, Inc. Warrington, PA). 

Phase contrast images of MMA sections were taken using Nikon TMS (model TMS-F 

#211153). 

 

Testicular Hyaluronidase induced Antigen Retrieval 

MMA embedded samples at 200µm thickness were sanded down using CarbiMet 

Abrasive Discs MicroCut PSA 12in 1200[P2500] (Beuhler, Illinois, USA). Sanded 

sections were incubated in xylene for 1 minute to dissolve the top layer of the MMA 

section. These samples were then kept in pre-warmed testicular hyaluronidase solution, 

that was prepared accordingly; 47ml of 0.1M Potassium Phosphate + 3ml of 0.1M 

Sodium phosphate with 0.025gms of testicular hyaluronidase (Sigma H3884, St. Louis, 

MO) (Bancroft and Stevens, 1982; Luna, 1968; Sheehan and Hrapchak, 1980). Samples 

were incubated in the pre-warmed solution at 37°C for 30 minutes. Post incubation 

samples were washed with 1X PBS 3 times 5 minutes each to remove all remnants of 

testicular hyaluronidase solution before immunostaining. 

 

Heat Induced Antigen Retrieval  

Samples cut and sanded were treated with xylene for 1 minute as mentioned above and 

were placed in 400ml of 0.01M sodium citrate buffer (pH 6.0) that was brought to 

boiling using electric rice cooker. Sections were placed in a ceramic coverslip holder in 

the pre heated sodium citrate buffer for 30 minutes and taken out and allowed to cool 
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on ice. Samples were then washed using 1X PBS for 3 times 5 minutes each. This heat 

induced antigen retrieval method was adopted and modified to use electric rice cooker 

instead of microwave to control the temperature of the solution (Blythe et al., 1997).  

 

Immunostaining  

Immunostaining of plastic embedded samples were performed by modification and 

optimization of the protocols described by (O'Brien et al., 2000; Su et al., 2010) using 

non decalcified MMA embedded bone sections. Samples labelled for Smad1/5/ 8, 

pERK1/2, Osteocalcin, and Alkaline Phosphatase (ALP) MMA sections were pretreated 

in testicular hyaluronidase (Sigma H3884, St.Louis, MO) for 30 minutes at 37°C 

followed by blocking with 3% BSA for one hour. Blocked samples were labeled for 

with either rabbit polyclonal Smad 1/5/8 IgG (Santa Cruz Biotech, CA, USA) diluted 

1:500 in 3% BSA overnight at 4°C followed by a 1:500 dilution of Alexa 546 goat anti 

rabbit (Invitrogen, Eugene, OR, USA) for 1 hour at room temperature (RT) or Mouse 

monoclonal p44/p42 MAPK (ERK1/2) antibody (cell signaling, MA, USA) 

preconjugated with Alexa 633 goat anti mouse IgG (Invitrogen, Eugene, OR, USA) 

diluted 1:500 in 3% BSA for 1 hour or rabbit polyclonal Osteocalcin (Santa Cruz, 

Biotech, CA, USA) diluted 1:500 in 3% BSA overnight at 4°C followed by a 1:500 

dilution of Alexa  488 donkey anti rabbit (Invitrogen, Eugene, OR, USA) for 1 hour at 

RT or goat polyclonal ALP (Santa Cruz, Biotech, CA, USA) diluted 1:500 in 3% BSA 

overnight at 4°C followed by a 1:500 dilution of Alexa  568 donkey anti goat 

(Invitrogen, Eugene, OR, USA) for 1 hour at RT . Nuclear stain Hoechst 
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(Bisbenzinamide 33342, Sigma Aldrich, St.Louis, MO) was administered for 10 

minutes and washed using PBS. 

 

Confocal Imaging 

Samples were imaged (n=3 mice) using Zeiss LSM 780 NLO; with 20X EC Plan 

Apochromat- 0.6 HD DIC M27. Two photon excitation was used to penetrate deeper 

into the plastic sections. Titanium:Sapphire (Ti:Al2O3) laser was tuned to 780 nm with 

a laser power of 3.5%  and Helium Neon (HeNe2) laser set at excitation 633 nm at 7% 

laser power equipped with 20X, 0.6NA HD M27 air objective corrected for samples 

without coverslips. The Main Beam Splitter (MBS) of the confocal was set to 

488/561/633, MBS 760+, with the filters set to measure Alexa 488, Alexa 546, Alexa 

568, Alexa 633, and Hoechst (405 nm excitation). Using the 780 as conventional 

confocal, the main beam splitter was set to and MBS 488/561/633 and MBS 405. 

Fluorophores were detected utilizing Argon laser tuned to 488 nm at 2% laser power, 

diode pumped solid state (DPSS) laser tuned to 561 nm at 7% laser power, HeNe laser 

tuned to 633 at 2% laser power, and diode 405-30 tuned to 405 nm wit 2% laser power 

with the filters set to measure Alexa 488, Alexa 546, Alexa 568, Alexa 633, and Hoechst 

(405 nm excitation). Objective comparison was done between 20X, 0.6NA HD M27 EC 

Epiplan Apochromat corrected for samples without coverslips and 20X, 0.75NA Plan 

Apochromat corrected for 0.17 mm coverslip. All images were processed using ImageJ.  

 

Results 
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MMA embedding preserved gross morphology of bone 

Examination of bone histomorphometry is essential for the measurement of localized 

bone turnover and remodeling using histological sections of bone (Compston, 2004). 

However, bone remodeling still remains a poorly understood process due to its many 

technical limitations in the histology and imaging field.  

The conventional techniques used to identify the signaling events in calcified tissue are 

limited, and require decalcification of the tissue for thin sections (Yuehuei H. An, 2003). 

However, in this process the gross morphology of the bone is lost. Respectively bone 

cells like osteoblasts that traverse the bone in its calcified regions are lost. Therefore, 

we embedded the non-decalcified bone in MMA. Conventional MMA embedding has 

been around for many decades now and due to its simplicity (O'Brien et al., 2000; 

SCHENK, 1965). Utilizing this technique we embedded the trabecular head of the 

femurs to study the trabecular architecture and its cellular activity. Following 

embedding, our samples were sectioned and sanded to thin even areas for further 

processing. To understand the base morphology of the trabecular bone makeup (Clarke, 

2008) we used Villanueva Osteochrome stain to mark the regions of new bone formation 

by osteoblasts and the calcified regions of the tissue (Villanueva and Lundin, 1989) as 

demonstrated in Fig 1 . 

Antigen retrieval of calcified tissue by testicular hyaluronidase digestion 

In order to gain more insight into bone homeostasis it is crucial to determine changes in 

cell distribution and protein expression within bone. Imaging cells and proteins in their 
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native environment can provide an accurate evaluation of bone remodeling. Osteoblasts 

preserved in the calcified regions are responsible for the overall bone formation. 

Smad1/5/8 and ERK1/2 signaling activity is required for osteoblast mediated bone 

formation (Matsushita et al., 2009; Retting et al., 2009; Song et al., 2009). In addition 

common biomarkers of osteoblasts include alkaline phosphatase (ALP) and osteocalcin 

determining the osteoblast activity in bone formation (Christenson, 1997).  Therefore 

we chose these proteins for IHC of our bone sections. 

We used a testicular hyaluronidase based antigen retrieval to expose the cells from the 

tissue ECM. This allowed us to immunostain proteins as Smad, p-ERK , osteocalcin and 

ALP. Immunostaining was performed by pretreatment of bone sections with testicular 

hyaluronidase. Samples were then incubated with primary antibodies overnight 

followed by secondary antibodies at RT for an hour. As controls we used heat induced 

antigen retrieval as described earlier (Jiao et al., 1999). (Fig. 2A) shows non-treated 

bone samples as a comparison. We observed excellent antigen retrieval using testicular 

hyaluronidase using our method compared to non-treated samples (Fig. 2B, 2C). Heat 

induced antigen retrieval led to the disfiguring of the sample making the imaging 

process an arduous task as it was hard to obtain a flat image surface (Fig. 2D). 

Additionally the images obtained by this technique showed low quality staining (Fig.  

2E). 

Two photon fluorescence laser microscopy (TPLM) imaging of thick MMA 

embedded sections  
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To view the patterns of bone tissue sections conventional confocal microscopy is not 

the ideal source of imaging. This is due to its limited capability in penetration of thicker 

bone tissue samples for the acquisition of large bone areas.  To penetrate deeper into 

these thick samples we used two photon fluorescence laser microscopy (TPLM) (Fig 2). 

It is the preferred technique to resolve any microscopic structures with uneven ridges 

on an optically thick specimen (Piston, 1999). To determine the protein expression in 

osteoblasts in MMA embedded samples we immunolabelled sections for signaling 

factors as Smad1/5/8 and pERK1/2 and osteoblast biomarkers like ALP and osteocalcin. 

Sections were imaged using two photon excitation microscopy. We compared the 

TPLM obtained image quality to conventional confocal microscopy. Using a tile scan 

we stitched the images together to visualize the overall structure of the trabecular 

portion (Fig. 3). As can be seen two photon excitation microscopy surpassed the ability 

of conventional confocal microscopy allowing for deeper penetration and greater signal 

to noise ratio. This also allowed us to focus at cellular levels using high resolution 

imaging to identify the cells expressing proteins of interest as demonstrated in Figure 4.  

Selection of Objective used for TLPM imaging of bone 

Thick bone samples were imaged without a coverslips using 20X 0.6NA HD M27 (EC 

Epiplan Apochromat) objective designed for samples without coverslips (Fig. 5A).  For 

comparison we also imaged the sample using 20X 0.75NA (Plan Apochromat) corrected 

for 0.17mm coverslips (Fig. 5B). It is important to notice that the working distance of 

the objective effects the penetration of the laser beam into the sample (Piston, 1999). 
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Working distance of the 20X 0.6NA HD M27 objective is 1.7mm, while the objective 

20X 0.75NA working distance only 0.61mm. This greater working distance allowed for 

the deeper penetration of the sample and compensate for the loss in NA to obtain larger 

area of information (Fig. 5). 

Troubleshooting  

Understanding the proper parameters is important in order to obtain the perfect sample. 

Table 1 summarizes potential problems and their solutions during the process. This 

allowed us to visualize the signaling proteins within the osteoblasts, the lining cells and 

the osteocytes.  

 

Discussion 

Bone is a dynamic tissue that undergoes continuous bone formation and resorption. This 

is regulated by bone cells such as osteoblasts and osteoclast. In progressive degenerative 

bone disorders like osteoporosis or osteomalacia an imbalance between cellular 

activities is responsible for these bone defects. The majority of the changes within the 

bone occur on the cancellous bone or the trabecular surface of the bone (Brandi, 2009). 

Therefore, it is imperative to understand the cellular signaling activity that causes such 

major imbalances between the bone cells. We can better understand cellular activity in 

bone formation by identifying osteoblast activity using intracellular signaling cascades.. 

For example, previous work demonstrated Smad1/5/8 and ERK1/2 activity in osteoblast 
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differentiation and their activity in bone formation (Matsushita et al., 2009; Retting et 

al., 2009; Song et al., 2009). Also we can identify osteoblast activity using biomarkers 

such as ALP and osteocalcin (Christenson, 1997).However, direct labelling of these 

proteins in bone samples is challenging. Indeed labelling proteins in general in cells 

within the bone environment is difficult. The current practice of decalcifying the bone 

tissue may not be the best method to identify the changes in these proteins and their 

dynamics in bone turnover or bone remodeling. 

We demonstrated for the first time the imaging of intracellular signaling proteins in 

calcified bone tissue using testicular hyaluronidase based antigen retrieval 

methodology. We optimized the methodology for immunostaining of multiple 

fluorophores and utilized two photon microscopy for imaging sample specimens with 

maximal resolution. For decades non decalcified bone tissue was commonly preserved 

and embedded in a resin type material for hard tissue sections. Previously described cold 

processing of MMA for hard tissue embedding like the technovit 9100 shows greater 

preservation of antigenicity. (Erben, 1997; Willbold and Witte, 2010; Yuehuei H. An, 

2003). While the authors agree on its superiority in preservation, we focussed here only 

on the conventional MMA technique and remedial process for retrieving antigenicity to 

the tissue samples. We therefore, utilize the conventional MMA embedding for our 

experimental study. Moreover, due to chemical alterations during fixation and 

processing in conventional MMA embedding the samples require harsh treatments of 

antigen retrieval. In general there are two types of antigen retrieval methods; heat 
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induced epitope retrieval and enzyme induced epitope retrieval (Mueller et al., 2000; 

Shi et al., 1997; Shi et al., 2011; Willbold and Witte, 2010). However, only heat induced 

antigen retrieval was successfully demonstrated in MMA embedded samples. However, 

trauma induced to the sample due to high temperature conditions and disruption to its 

morphology is a notable concern (Merchant et al., 2006). Developing a process that uses 

a milder enzyme based antigen retrieval could be advantageous over heat induced 

antigen retrieval. This may allow labelling of sections thicker than 10µM thickness that 

are not mounted on permanent slide fixtures. Furthermore, reducing the number of steps 

required for sample processing ensures the sample health and improves labelling of the 

intracellular proteins. A pragmatic approach utilizing enzyme based antigen retrieval 

can help preserve the tissue in its present form without adverse changes to the 

surrounding proteins and to the sample structure. As an enzyme based antigen retrieval, 

testicular hyaluronidase is known to successfully expose the antigen epitopes in multiple 

tissue types (Jurukovski et al., 2005; Suetterlin et al., 2004). However, this was not 

demonstrated in MMA embedded samples until now.  

Advances in confocal microscopy avails us the opportunity to visualize the micro-

anatomical components of bone. To image these immunostained samples, TPLM based 

imaging best suits to obtain the resolution without the interference of the background 

noise generated by the surrounding ECM and the uneven ridges present on the surface 

of the calcified tissue. Moreover, TPLM allows for the penetration of thick specimens 

to image at deeper depths compared to conventional confocal microscopy (Gerritsen 
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and De Grauw, 1999; Thériault et al., 2014). Two photon excitation imaging permits 

the imaging of sensitive proteins with a reduced loss of fluorophore activity. Utilizing 

the microscopes focal volume but not confocal pinhole allows for a higher signal. 

Moreover, usage of an emission pinhole in conventional confocal microscopy leads to 

inevitable scattering of fluorescent photons. Two photon microscopy however requires 

no pinhole, thus this particular method can be exploited for exciting multiple fluorescent 

molecules by simultaneous absorption (Gerritsen and De Grauw, 1999).  Furthermore, 

photo damage and photo bleaching of fluorophores are limited in two-photon excitation 

imaging compared to conventional confocal (Rubart, 2004). These advances in two 

photon excitation microscopy allowed us high resolution imaging of decalcified bone 

samples without the interference of background noise. Also we used an objective that is 

corrected for samples without coverslip and that covers a greater working distance for 

the enhancement of overall depth penetration and information acquired. While the NA 

of the objectives can provide greater brightness it is also important to recognize the 

objectives capability for it best working distance from the sample to obtain more 

information. This becomes a crucial aspect while imaging thick samples allowing for 

the deeper penetration into the tissue (Piston, 1999). 

The protocol presented here is straight forward, however multiple problems can occur 

during the embedding process. We highlighted most common mistakes and their 

solution in Table 1. 
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The methodology described by us has multiple applications that are not only limited to 

bone diseases. It can be applied to identify multiple problems related to bone cancer 

metastasis by visualizing metastatic nature of cancer cells (Hanna et al., 2012). It may 

help to determine the protein expressions that may be involved in controlling the 

surrounding tissue and much more. In conclusion our improved methodology allows for 

the first time for the identification of multiple protein targets within the intact bone 

environment. 
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Figure 1. Trabecular morphology of the MMA embedded femur sample. Femurs from 

mice were processed in MMA and stained byVillanueva Osteochrome. Phase contrast 

images of the samples show Osteocytes (OT) represented in dark brownish color, dense 

osteoid seams of trabecular bone (TB) in green and osteoblasts or lining cells (LC) of 

the marrow cavity (MC) in light red color. Sections were imaged in the cancellous or 

TB of the mouse femur around MC where the LC or the active osteoblasts reside 

alongside of OT indicated by arrows. Images were taken using 20X magnification with 

scale bar representing 50 µm using a Nikon TMS (model TMS-F #211153)  
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Figure 2 Testicular Hyaluronidase based antigen retrieval of MMA embedded femur 

slices. MMA embedded samples were immunostained for Smad 1/5/8, pERK1/2, 

osteocalcin and ALP. Hoechst staining was used to identify cells within the bone (blue). 

Heat induced antigen retrieval was used as a comparison. Sections were imaged in the 

cancellous or the trabecular bone (TB) of the mouse femur around the marrow cavity 

(MC) where the lining cells (LC) or the active osteoblasts reside alongside of osteocytes 

(OT). 2A) MMA embedded samples not treated with testicular hyaluronidase imaged 

using TPLM. Tissue sections were stained with Hoechst (blue), regions of bone growth, 

and proteins associated with bone cell activity Smad 1/5/8 (red) and pERK1/2 

(magenta). 2B) MMA Samples treated with Testicular Hyaluronidase and stained as in 

2A) were imaged using TPLM 2C) MMA samples treated with Testicular 

Hyaluronidase and stained for Osteocalcin (green), and ALP (red). 2D) Heat induced 

antigen retrieval caused morphing of the thick MMA embedded bone sample if not 

mounted on to a permanent slide fixture. 2E)  MMA Samples heat treated were imaged 

using TPLM. Images were stained with Hoechst (blue), Smad 1/5/8 (red) and pERK1/2 

(magenta). All images were taken using 20X magnification with scale bar representing 

100 µM. 
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Figure 3 Two photon excitation laser microscopy imaging of MMA embedded samples. 

Imaging of MMA embedded samples stained with Hoechst (blue), Smad 1/5/8 (red) and 

pERK1/2 (magenta). 3A) Conventional confocal setup. The collected images sow low 

resolution and high auto fluorescence. Images taken at 20X magnification with scale 

bar representing 100 µm 3B) Two photon excitation laser microscopy imaging. Images 

show nuclei and labeling for proteins. Images taken at 20X magnification with scale bar 

representing 100 m. 3C) Representative tile scan image that was used obtain the entire 
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sample section. Sections were imaged in the cancellous or the trabecular bone (TB) of 

the mouse femur around marrow cavity (MC) where the lining cells (LC) or the active 

osteoblasts reside alongside of osteocytes (OT). Images taken at 20X magnification with 

scale bar representing 200 m. 
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Figure 4. High resolution imaging of cells expressing Smad1,5,8, p-ERK, Osteocalcin 

and ALP. Magnified regions of the images was taken using 20X objective with 2X 

magnification at 4096X4096 pixels  4A) Smad1/5/8 (red), Hoechst (blue) and 4B) 

pERK1/2 (magenta) 4C) Osteocalcin (green) and 4D) ALP (red)  and Hoechst. Overlay 

at high resolutions clearly distinguishes different expression of these proteins within 

different cells. Scale bar representing 10 µm.   
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Figure 5. Objective differences and their impact on sample brightness. MMA embedded 

bone samples were TPLM imaged on an inverted microscope zeiss 780 using 5A) 20X 

NA 0.75 designed to be imaged with coverslips. 5B) 20X NA 0.6 HD M27 for samples 

without coverslips. The minor differences in spatial resolution is compared based on 

working distances of each objective. For the samples without coverslips objective 20X 

NA 0.6 HD M27 having working distance capability of 1.7mm suited best for the 

imaging providing a better field of view as shown in the 5C) Overlay image. Sections 

were imaged in the cancellous or the trabecular bone (TB) of the mouse femur around 

marrow cavity (MC) where the lining cells (LC) or the active osteoblasts reside 

alongside of osteocytes (OT) labelled for smad1/5/8 (red) and hoechst (blue). Images 

taken at 20X magnification with scale bar representing 100 µm. High magnified images 

clearly distinguish objective differences in the staining of Smad (red) and hoechst (blue)  

with overlay in images taken using 5D) 20X 0.75NA, and 5E) 20X 0.6NA HD M27. 

Images taken at 20X magnification with scale bar representing 20 µm.   

Table 1 Trouble shooting of TPLM imaging of non-decalcified testicular hyaluronidase 

antigen retrieved bones embedded in MMA. 

Problem Possible Reasons Solution 

Casting of MMA with 

bubbles as a 

consequence. 

 

Moisture retention in the 

MMA mixture.  

 

No moisture should be 

introduced to the 

thickened MMA solution. 

Improper penetration of 

MMA into the sample 

Improper dehydration of 

sample 

Adequate time for alcohol 

changes must be given 
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Uneven surface planes of 

cut sections 

Uneven sanding of tissue 

samples. Usage of non-

diamond based wafered 

saws/ or without water 

Use 1200 grade sand 

paper with water flow to 

sand the tissue sample. It 

is imperative to use even 

pressure throughout the 

sample for even sanding 

Softened tissue sample Long xylene washes of 

samples 

Start with 1 minute to 

clear the surface plastic 

taking care not to 

completely clear the 

sample of plastic. If 

needed continue for 30 

sec at a time to test the 

correct timing required 

for the plastic clearance 

Unspecific staining of 

antibodies 

Incorrect blocking buffer Antibodies raised in the 

host tissue requires prior 

blocking of either Goat 

serum or Horse serum to 

impede unspecific 

binding. Pre-conjugation 

of the primary and 

secondary antibodies aid 

in staining without non-

specific binding 

Improper resolution of 

sample 

Usage of wrong objective 

 

Using proper objectives 

designed for tissue 

sample imaging with or 

without coverslip and 

matched NA for air will 

allow for the best 

resolution of the sample 
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