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ABSTRACT 

Abrogation of Cbl-PI3K Interaction Increases Bone Volume and Osteoblast 

Proliferation 

Tracy Brennan 

Doctor of Philosophy 

Temple University, 2011 

Doctoral Advisory Committee Chair: Archana Sanjay, Ph.D. 

 

Cbl is a multivalent protein that interacts with a number of signaling molecules 

that affect cell proliferation, migration and apoptosis. Although it is a downstream 

effector of growth factors, cytokines and integrin signaling all of which influence bone 

mass, very few studies have examined the role of Cbl in osteoblast proliferation and 

differentiation. To examine the role(s) of Cbl in the skeletal system we have focused 

specifically on phosphorylation of CblY737 since it is a unique to Cbl (not present on other 

family members) and upon phosphorylation by Src family kinases it provides a binding 

site for the p85 subunit of PI3K which regulates signaling events that modulate apoptosis 

and survival. To determine the role of tyrosine 737 we are using CblYF/YF knock-in mice 

(YF) where tyrosine 737 has been substituted to phenylalanine.  YF mice had increased 

bone volume (WT 9%; YF 14%; p= 0.05 vs WT), trabecular thickness, and trabecular 

numbers. Although the increased bone volume is partly attributed to the decreased bone 

resorption, static and dynamic parameters of bone formation indicated that numbers of 

osteoblasts (WT 13 N.OB/BS; YF 20 N.OB/BS; p=0.05 vs WT) and bone formation rates 

were also upregulated in the CblYF/YF mice.  To investigate the role of osteoblast 

differentiation in increased bone formation, we differentiated osteoblast and assessed 

ALP activity and Alizarin Red S staining.  Both WT and YF osteoblasts had similar levels 
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of ALP activity and mineral deposition during differentiation.  To determine if the 

increased numbers of osteoblasts were due to increased survival and/or proliferation, we 

performed in vitro experiments with calvarial osteoblasts from age-matched WT and YF 

pups. MTT assay and TUNEL-staining, for cell viability, showed abrogation of Cbl-PI3K 

interaction did not affect osteoblast survival. Interestingly, inhibition of PI3K activity with 

LY294002 showed comparable survival between the WT and YF osteoblasts.  We next 

examined proliferation and found that there was a 50% increase in the rate of the 

proliferation for the YF osteoblasts. This result was further substantiated by colony 

forming unit assay using bone marrow stromal cells.  To establish the role of 

extracellular factors on osteoblast increased proliferation, various growth factors were 

assessed (EGF, FGF, IGF, PDGF).  Treatment with the growth factors has no differential 

effects on the WT versus YF osteoblasts.  We next used conditioned media from 

differentiated osteclasts and bone marrow cells to treat MC3T3-E1, preosteoblast cell 

line.  The osteoclast media from YF osteoclasts did not increase osteoblast proliferation.  

However, YF bone marrow conditioned media increased proliferation of the MC3T3-E1.  

Cytokine assays were done to determine the factor(s) that were increased in the YF 

conditioned media compared to the WT conditioned media.  SDF-1 was found to be 

increased in the YF conditioned media compared to the WT conditioned media.  Taken 

together, this suggests that the abrogation of Cbl-PI3K interaction leads to increased 

bone formation due to osteoclast resorption deficiency and increased osteoblast 

proliferation, which may be caused in part by increased SDF-1 expression in the bone 

marrow niche.
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CHAPTER 1 

 

REVIEW OF LITERATURE 
 

Bone 

The skeleton serves as a support structure for mechanical loading, protects 

the vital organs, and regulates calcium levels in the body.  The balance between the 

bone resorbing activity of osteoclasts and the bone forming activity of osteoblasts is 

key to maintaining bone homeostasis.  This coupling is based on communication 

between cells of diverse origins, but has largely been focused on osteoclast-

osteoblast interactions [Gil-Henn et al., 2007; Henriksen et al., 2009].  Uncoupling of 

the osteoclast and osteoblast activity leads to pathological conditions including 

osteoporosis (characterized by low bone mass and increased risk of fracture) and 

osteopetrosis (characterized by increased bone mass and can lead to increasingly 

brittle bones [Jamsa et al., 2002; Tuukkanen et al., 2000]. Therefore, it is important 

to understand the process of bone remodeling and the roles of proteins that regulate 

this complex process. 

Skeletal Development and Bone Remodeling 

Bone development is characterized as either intramembranous, in the case of 

flat bones such as the skull, or endochondral, in the case of the long bones [Marks, 

2002].  Endochondral ossification is characterized by the mesenchymal 

condensation that becomes the cartilaginous matrix formed by the chondrocytes that 

outlines the initial blueprint for the bone [de Crombrugghe et al., 2001].  This 

cartilaginous blueprint is invaded by osteoclasts that migrate into the cartilaginous 

structure and resorb the matrix laid by the chondrocytes forming what will become 
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the marrow cavity [Ross, 2006].  This event is followed by vascularization of the 

bone marrow cavity.  It is the invading blood vessels that then deposit the osteoblast 

precursor cells.  The osteoblasts then begin to lay the bone matrix (Figure 1).  In 

contrast, for intramembranous ossification there is no cartilaginous blueprint.  The 

osteoblast precursors under the influence of local growth factors [fibroblast growth 

factors (FGFs), bone morphogenetic proteins (BMPs), hedgehog proteins, 

parathyroid hormone-related peptide (PTHrP), Wnts, etc.] [Yamaguchi et al., 2000] 

and the transcription factors Runx2 and Osterix, differentiate directly into osteoblasts 

within a highly vascularized area of the embryonic connective tissue and synthesize 

bone matrix that is later remodeled into mature bone (Figure 1). 

After their initial formation, both intramembranous and endochondral, bones 

grow to their final form and periodically restore/replace the mineralized matrix by a 

cyclic process termed remodeling. In the normal adult skeleton, after the period of 

development and growth is complete, bone formation occurs for the most part only 

where bone resorption has previously occurred. The remodeling occurs in cycles 

starting with osteoclast-mediated degradation and resorption of a microscopic area 

of bone (Figure 2).  After degradation, the surrounding bone lining osteoblasts are 

recruited to the resorption pit and begin to secrete nascent matrix proteins.  The 

newly laid matrix then becomes mineralized and the osteoblasts ultimately become 

encased in the mineralized matrix maturing into osteocytes.  The process of bone 

remodeling continues throughout the life of the organism. 

The coordinated functions of chondrocytes, osteoclasts and osteoblasts in 

bone formation and remodeling are regulated by a complex series of humoral factors 

(both systemic and paracrine) as well as by interactions between the cells and the  
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Figure 1. Schematic representation of the two modes of bone formation. (a) 
Endochondral bone formation takes place in long bones, starting with the 
condensation of skeletal precursors, proceeding to the formation of a cartilaginous 
template. Next prehypertrophic cells differentiate in the center of the cartilagenous 
template, which produce the secreted molecule Ihh that induces differentiation of 
osteoblast precursors in the perichondrium adjacent to the region of prehypertrophic 
cells. At the subsequent steps hypertrophic chondrocytes appear, which continue to 
differentiate into mature hypertrophic chondrocytes producing a mineralized matrix 
and eventually are removed by chondroclasts leaving behind the mineralized matrix. 
Concurrently, blood vessels invade and together with those osteoblasts will enter 
and start to make trabecular bone utilize the mineralized matrix. Subsequent steps, 
such as trabecular bone and secondary ossification center formation are not shown. 
(b) Membranous bone formation as it occurs in the flat bones of the skull: osteoblast 
progenitors differentiate directly from condensed mesenchyme and eventually 
differentiate into osteoid producing mature osteoblasts. Osteoblasts that get 
entrapped into the compact bone reside in lacuna and differentiate into osteocytes 
(from Hartmann, 2009 Curr Opin Genet Dev 19(5); 437-443). 
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Figure 2.  Bone Remodeling:  The sequence of activation, resorption, reversal 
and formation.  The activation step depends on cells of the osteoblasts lineage, 
either on the surface of the bone or in the marrow, acting on blood cell precursors 
(hematopoietic cells) to form bone-resorbing osteoclasts.  The resorption process 
may take place under a layer of lining cells as shown here.  After a brief reversal 
phase, the osteoblasts begin to lay down new bone.  Some of the osteoblasts 
remain inside the bone and are converted to osteocytes, which are connected to 
each other and to the surface osteoblasts.  The resorption phases last only a few 
weeks but the formation phase is much slower, taking several months to complete, 
as multiple layers of new bone are formed by successive waves of 
osteoblasts(adapted from Bone Health and Osteoporosis: A Report of the Surgeon 
General).   
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matrix and between the bone cells themselves. The cellular responses to these 

stimuli are mediated by the same array of intracellular signaling effectors and 

systems that determine the function of other cells and tissues, interacting in patterns 

that are specific for the cell type in question.  Thus, many tyrosine kinases, both 

receptor and non-receptor, participate in the regulation of the complex cellular 

events that occur during both skeletal development and remodeling. 

 

Osteoclasts 

 Bone remodeling is the predominant metabolic process regulating bone 

structure and function during adult life, with the key participant being the osteoclasts 

[Fuller, 2002].  Osteoclasts are a member of the monocyte/machrophage family and 

differentiate from the hematopoietic cell lineage.  As part of bone remodeling, they 

serve as the exclusive role of bone resorptive cells [Suda et al., 1999].  The principal 

physiological osteoclast precursor is the bone marrow macrophage, which fuses 

through the course of differentiation to become a multinucleated mature osteoclast 

(Figure 3). 

Osteoclastogenesis: M-CSF and RANKL 

Progression of osteoclastogenesis from hematopoietic precursor cell to 

matured bone resorbing osteoclasts is dependent on two cytokines, macrophage-

colony stimulating factor (M-CSF)  [Pixley and Stanley, 2004] and receptor activator 

of NF-κB ligand (RANKL) [Boyle et al., 2003; Suda et al., 1999].  M-CSF is released 

by osteoblasts and stromal cells in the bone microenvironment.  In additional to 

playing a pivotal role in the proliferation of the early osteoclast progenitor, 

differentiation, and survival of the mature osteoclast , M-CSF also plays a role in  
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Figure 3. Osteoclast differentiation and activity. (A) Development scheme of 
hematopoietic precursor cell differentiation into mature osteoclasts, which are fused 
polykaryons arising from multiple (10–20) individual cells. Maturation occurs on bone 
from mononuclear cells. M-CSF (CSF-1) and RANKL are essential for 
osteoclastogenesis, and their action during lineage allocation and maturation is 
shown. OPG can bind and neutralize RANKL, and can negatively regulate both 
osteoclastogenesis and activation of mature osteoclasts. (B) Multinucleated 
polykaryons are recruited by the action of CSF-1 and RANKL, which then adhere to 
bone and undergo cytodifferentiation into a mature osteoclast. (C) RANKL stimulates 
osteoclast activation by inducing secretion of protons and lytic enzymes into a 
sealed resorption vacuole formed between the basal surface of the osteoclast and 
the bone surface. Acidification of this compartment by secretion of protons leads to 
the activation of TRAP and CATK, which are the two main enzymes responsible for 
the degradation of bone mineral and collagen matrices. (D) Transmission electron 
micrograph of an activated mouse osteoclast with a visible ruffled border in a 
resorption lacunae on the periosteal femoral cortical bone surface. Red propeller, 
osteoclast; black arrow, a resorption pit. (E) Scanning electron micrograph of human 
osteoclasts generated in vitro on cortical bone slices from CSF-1- and RANKL-
treated peripheral blood mononuclear cells. Red propellers, osteoclasts; black 
arrows, a resorption pit where the normally smooth lamellar bone surface has been 
resorbed to expose collagen bundles; yellow star, non-resorbed bone surface; blue 
triangles, mononuclear cells (potential osteoclast precursors) (adapted from Boyle, 
et al. Nature 2003; 424:337-347). 
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cytoskeletal rearrangement required for efficient bone resorption.  RANKL , a 

member of the membrane-associated tumor necrosis factor (TNF) ligand family, is 

expressed by osteoblast and/or stromal cells in bone and is a critical factor allowing 

entry of progenitors into the osteoclast differentiation pathway, motility, cytoskeletal 

rearrangement and survival [Burgess et al., 1999; Fuller et al., 2002; Lacey et al., 

1998; Yasuda et al., 1998]. Osteoclast stimulation with M-CSF and RANKL induces 

transcriptional activation of key osteoclastogenic factors, including tartrate-resistant 

acid phosphatase (TRAP), cathepsin K (CATK), calcitonin receptor, and the β3 

integrin [Lacey et al., 1998].  It has been shown that mice deficient in M-CSF, 

RANKL, or either of their receptors have increased bone density (osteopetrosis) with 

an absence of osteoclasts [Wada et al., 2006; Teitelbaum et al., 2003].  A decoy 

receptor for RANKL, osteoprotegerin (OPG), balances osteoclastogenesis in vivo 

[Simonet et al., 1997; Bucay et al., 1998]. Although multiple tissues express OPG, 

most research has focused on osteoblasts as the physiologic source of OPG in the 

skeletal system [Boyce et al., 2007].  

Actin Ring Formation and Resorption 

Cytoskeletal rearrangement to form an actin ring is essential for osteoclast 

activity.  The bone resorption function of osteoclasts is dependent on the integrity of 

the actin cytoskeleton.  Bone degradation depends on the physical intimacy between 

osteoclast and the bone matrix, a role provided primarily by integrins [Hynes, 2002].  

The association of the osteoclasts and the extracellular bone matrix is mediated by 

integrins (principally αvβ3) and initiate osteoclast function [Lakkakorpi et al., 1991; 

Reinholt et al., 1990; Ross and Teitelbaum, 2005].  The integrins are clustered into 

podosomes, adhesive structures found in highly motile cells [Linder and 
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Aepfelbacher, 2003], and allows for the osteoclasts to create a “sealing zone” 

around the bone matrix that will be degraded.   

The “sealing zone” is the key to the resorptive event enabling osteoclasts to 

form a microenvironment between itself and the underlying bone matrix.  Sealing off 

the microenvironment (known as the resorption lacuna) enables specific resorption 

of the area of bone matrix and separates the bone from the extracellular fluid.  Within 

the resorption lacunae, osteoclasts secrete lytic enzymes cathepsin K and TRAP, as 

well as ions H+ and Cl- , causes the acidification of the microenvironment leading to 

degradation of bone within the sealing zone [Teitalbaum and Ross, 2003].  The 

importance of these secreted factors (such as the H+ pump, the Cl- channel , 

cathepsin K) in resorption is underscored by the fact that diminished functioning of 

each results in a human disease of excess bone mass (ie osteopetrosis or 

pyknodysostoposis) [Boyle et al., 2003; Teitalbaum and Ross, 2003].  The acidified 

milieu degrades the inorganic and organic components of the bone matrix, releasing 

factors (including growth factors and bone morphogenetic factors) from the dissolved 

matrix into the surrounding intracellular fluid [Salo et al., 1997; Stenbeck and Horton, 

2004].   

Upon completion, nearby bone lining cells are recruited to lay matrix in the 

resorption pit, because bone formation in the normal adult skeleton is initiated only 

where bone resorption has previously occurred [Baron, 2003].  This also reveals the 

importance of mature osteoclasts in continued bone formation.  The recruitment of 

osteoblasts to sites of bone resorption is one example of the “coupling” of osteoclast-

osteoblast activity that is important for maintaining bone homeostasis.  As the 

osteoblasts secrete bone matrix proteins, they are also producing M-CSF and 

RANKL, as well as other cytokines and prostaglandins that affect hematopoietic 
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stem cells (HSCs) residing in niches on the surrounding cortical and trabecular bone 

[Suda et al., 2005].  HSCs reside close to osteoblasts as a result of multiple 

interactions involving receptors and ligands on both cell types [Taichman, 2005].  

Both committed osteoblasts and the numerous stromal cells in bone marrow produce 

a range of proteins both basally and in response to hormones and growth factors, 

resulting in modulation of the capacity of HSCs to become functional osteoclasts. 

             
Osteoblasts 

Osteoblasts are derived from pluripotent mesenchymal stem cells [Caplan, 

1991; Owen, 1988; Pittenger et al., 1999].  Osteogenesis can be thought of in three 

stages: 1) proliferation and differentiation of preosteoblasts to osteoblasts, 2) matrix 

deposition and 3) matrix mineralization.   

Proliferation 

Early on in skeletal development secreted factors including BMP/TGFβ family 

members and Wnt proteins have a significant impact on osteogensis.  Runx2 is a 

central mediator that executes signals from the BMP and Wnt pathways to promote 

cell phenotype commitment and osteogenesis (Figure 4).  Twist protein also serves 

as a negative regulator for Runx2 activity, inhibiting the progression of uncommitted 

mesenchymal stem cells to committed preosteoblasts [Kronenberg, 2004]. 

Osteoblastogenesis is also influenced by growth factors [Canalis et al., 1993; 

Chaudhary and Hruska, 2001; Farquharson et al., 1993; Kim et al., 2007; Laflamme 

et al.].  Growth factors can regulate the replication, differentiation, and function of 

osteoblasts.   Growth factors synthesized by skeletal cells may be present in the 

systemic circulation and act both as local and systemic regulators of bone 

remodeling.   



10 
 

 
 
 

 
 
 

Figure 4. Osteogenesis. BMP2 induces transcription factors required for 
commitment of mesenchymal stem cells directed to the osteoblast phenotype. These 
factors are temporally expressed during osteoblast differentiation to support 
osteoblast stage-specific gene expression.  Increasing levels of Runx2 continue to 
drive osteoblast differentiation through the major stages of proliferation, matrix 
maturation and mineralization indicated by the temporal peak expression of marker 
genes for each of these stages (adapted from Lian, et al. Rev Endocr Metab Disord 
2006; 7:1-16). 
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Differentiation and Mineralization 

Runx2, the master transcription factor for osteoblastogenesis, is required to 

commit mesenchymal stem cells to the osteoblast lineage and differentiation of 

osteoblasts [Ducy et al., 1997].  Runx2-/- mice have absolutely no osteoblast 

formation in utero and die shortly after birth.  In addition to Runx2 its downstream 

target, Osterix, has also been shown to be an indispensible transcription factor for 

osteoblast formation and differentiation [Nakshima, 2002].  Runx2 and Osterix are 

responsible for regulating the transcription of all of the signature proteins for 

osteoblast differentiation (including matrix deposition) and maturation, including 

alkaline phosphatase (ALP), collagen type 1a (Col1a), osteocalcin (OCN), and bone 

sialoprotein (BSP) (Figure 4).. 

Osteoblasts secrete a matrix consisting of 90% collagenous proteins and 

10% non-collagenous proteins.  The unmineralized matrix is referred to as osteoid.  

Mineralization is a fundamental step in osteoblast differentiation that occurs after the 

osteoid is laid, and involves the deposition of hydroxyapatite, a form of calcium 

phosphate.  The incorporation of the mineral into the matrix is essential for the 

hardness and rigidity that enable the skeleton to resist gravitational and mechanical 

loading. 

In in vitro cultures of osteoblastic cells, treatment with ascorbic acid (AA) and 

β glycerophosphate (βGP) enhances osteoblast differentiation by distinct 

mechanisms [Chung et al., 1992; Franceschi, 1999; Franceschi et al., 1994]. Chung 

et al 1992 showed that βGP favors mineralization by increasing the availability of 

phosphate ions, whereas AA has a role in reducing the iron prostethic group of 

hydroxylase enzymes responsible for collagen biosynthesis [Franceschi and Iyer, 

1992; Quarles et al., 1992].     
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As osteoblasts mature, they ultimately become surrounded in the matrix they 

produce and remain in the mineralized matrix, as which point they called osteocytes. 

Survival 

Osteoblast survival requires attachment to specific extracellular matrix 

proteins, a phenomenon termed anchorage dependence [Ruoslahti and Reed, 

1994].  Binding of the integrin receptors results in osteoblast attachment and 

spreading [Rezania and Healy, 2000].  The interaction between the RGD motif and 

integrin receptors causes phosphorylation of the non-receptor protein-tyrosine 

kinase and activation of focal adhesion kinase (FAK) [Lukashev et al., 1994; Schaller 

and Parsons, 1994].  Once phosphorylated, FAK provides binding sites for Src 

homology-2 domains of the survival signaling pathway molecules Grb2-Sos and 

PI3K [Pawson, 1995; Schlaepfer et al., 1994].  PI3K can also be activated by Wnt 

ligands.  It has been shown that Wnt ligands can act as anti-apoptotic signaling to 

protect osteoblasts through activation of both Src/ERK and PI3K/AKT kinases.  

There are many other factors that can regulate survival within osteoblasts such as 

BMP-2, Fas ligand, IL-1, TNF (tumor necrosis factor) and some Wnt ligands [Hay et 

al., 2004; Jilka et al., 1999; Tsuboi et al., 1999].  Wnt ligands act to protect 

osteoblasts from apoptosis, through activation of both Src/ERK and PI3K/AKT 

kinases [Almeida M, 2005].   

 
 

Cbl proteins 

Cbl (Casitas B-lineage lymphoma) protein were first identified as cellular 

homologs of transforming oncoproteins in mammals [Blake et al., 1991] and as a 

down-regulator of receptor tyrosine kinases in C. elegans [Yoon et al., 1995], 

thereby establishing their evolutionarily conserved roles in the regulation of cell 
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growth and proliferation.  Cbl proteins were initially described as adaptor proteins, 

due to the presence of several known protein-binding sites and the absence of any 

identified catalytic motif (Figure 5). However, with finding of the conserved Real 

Interesting New Gene (RING) domain Cbl protein’s were shown to bind ubiquitin 

conjugating enzymes (Ubcs), thereby enabling Cbl proteins to mediate the 

ubiquitylation of receptor and non-receptor tyrosine kinases and other signaling 

molecules that interact with the Cbl proteins [Fang et al., 2001; Joazeiro et al., 1999; 

Levkowitz et al., 1999; Yokouchi et al., 1999].   

In mammals, highest expression of Cbl proteins is seen in the testes and cells 

of the hematopoietic lineage including, monocytes, macrophages, T cells, B cells 

and osteoclasts. These studies have revealed a complex and tightly regulated 

protein that has two distinct function- a) It functions as an E3 ubiquitin ligase, 

targeting receptor and non-receptor tyrosine kinases and other signaling proteins for 

ubiquitylation; b) as an adaptor /scaffolding protein that binds to other proteins within 

signaling complexes.  

Cbl proteins as E3 ubiquitin ligases 

c-Cbl and Cbl-b share the greatest overall structural similarity of the 

mammalian members of the Cbl family of proteins (Figure 5). Like all non-oncogenic 

Cbl proteins, they have tyrosine kinase-binding (TKB) domain and RING domain that 

together with a short linker between the two domains constitutes much of the N-

terminal half. This part of the molecule is highly conserved (86% identity, 90% 

homology between the two proteins). Mutating the first cysteine in the RING domain 

disables the RING domain and prevent E2 binding and ubiquitination [Joazeiro et al., 

1999]. c-Cbl also ubiquitinates the activated form of Src and in the process gets 
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ubiquitylated itself [Yokouchi et al., 2001]. Work in T cells has shown that Cbl-b 

mediates ubiquitylation of the p85 subunit of PI3 kinase [Fang et al., 2001]. 

Two oncogenic variants of c-Cbl, v-Cbl and 70Z-Cbl, retain the TKB domain 

but lack a functional RING domain and linker and thus bind to activated growth factor 

receptors without being able to recruit the E2s.  This deficiency has been postulated 

to be the cause of the oncogenicity of these Cbl variants, although it is also 

suggested that other functions contribute to the transforming activities of these Cbl 

variants [Thien et al., 2001].  

 

 

 

Figure 5. Structure of Cbl family proteins. Domain structures of Cbl family proteins 
are depicted. Major tyrosine phosphorylation sites in c-Cbl are indicated. Molecular 
interactions of c-Cbl with cytokine receptors and other signaling molecules are also 
shown on top (Ogawa, S et al. Clin Cancer Res 2010; 16:3825-3831). 
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Cbl proteins mediate receptor endocytosis by 
coupling to clathrin-coated vesicles 

In addition to inducing receptor ubiquitylation, Cbl proteins also mediate 

receptor endocytosis by binding to elements on clathrin-coated vesicles in a 

mechanism that is distinct from ubiquitin ligase activity.  Atypical proline-rich 

sequences in the distal part of the C-terminal half (c-Cbl 680-906) bind to SH3 

domains on CIN85, an adaptor protein that is constitutively complexed with 

endophilins [Watanabe et al., 2000].  The Cbl-CIN85 interaction is regulated and 

requires the phosphorylation of tyrosines in the C-terminal half of Cbl suggesting that 

the interaction occurs specifically downstream of activated receptors.  Preventing the 

interaction interferes with the endocytosis and degradation of activated EGF and HGF 

receptors, but not with the ubiquitination of the activated receptors [Petrelli et al., 

2002; Soubeyran et al., 2002]. 

Role of Cbl as an adaptor/scaffolding protein 

Cbl proteins (c-Cbl and Cbl-b) have emerged as prominent components of 

signaling cascades downstream of a variety of surface receptors (lymphokines, 

cytokines, immunoglobulin receptors and integrins) in lymphoid and myeloid cells. 

Cbl’s regulation of receptor signaling, cell proliferation, and cell attachment and 

migration requires that the availability of Cbl’s multiple protein-binding sites be 

controlled to prevent inappropriate binding to other signaling effectors. Cbl’s multiple 

protein-binding domains contribute to the assembly of multi-meric complexes during 

signal transduction (Figure 5). The protein-protein interaction domains are 

distributed throughout the N and C-terminal halves of Cbl-proteins. While the N-

terminal half contains the Tyrosine Kinase Bonding (TKB) domain, the C-terminal 
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half has a proline–rich region and SH2 binding sites and a Ubiquitin associated 

domain. Following is a brief description of the Cbl domains. 

Tyrosine kinase binding domain (TKB domain) 

 The TKB domain is an integrated phosphotyrosine-binding motif composed 

of a four-helical bundle, a Ca2+-binding EF hand and a divergent SH2 domain 

[Meng et al., 1999; Zheng et al., 2000]. Mutation of any of the sub-domains 

compromises the phosphotyrosine binding capacity of the Cbl protein [Meng et al., 

1999]. The TKB domain mediates the binding of Cbl proteins to phosphorylated 

receptor tyrosine kinases’s and some non-receptor tyrosine kinases’s (e.g., ZAP-

70), a function that is important for the ubiquitylation of these proteins [Bonita et 

al., 1997; Lupher et al., 1996; Lupher et al., 1998; Meng et al., 1999]. Using the 

reconstituted 293-cell system, it has been shown that the TKB domain of Cbl 

bound to the autophosphorylated Tyr416 on Src’s activation loop, inhibiting Src 

kinase activity and reducing the adhesion of cells to vitronectin [Sanjay et al., 

2001].  The observations that SrcY416F restores the bone resorbing activity of Src-/- 

OCL to a level similar to the mutant’s kinase activity [Miyazaki et al., 2004] and that 

CblG306E has an effect on in vitro bone resorption when over-expressed in OCLs 

[Sanjay et al., 2006] indicate that TKB function is not critically important for the Src-

dependent functions of Cbl in osteoclasts. In addition to binding the 

phosphorylated tyrosines on RTKs, Cbl TKB domain binds to several regulatory 

and adaptor proteins including BLNK, a B-Cell linker protein [Yasuda et al., 2002], 

APS (Adaptor molecule and containing Pleckstrin homology and SH2 domains) 

which is phosphorylated in response to platelet derived growth factor and insulin 

[Yokouchi et al., 1999] and Sprouty an inducible antagonist of Cbl E3 ligase activity 

[Rubin et al., 2003]. In contrast to these stimulation dependent interactions, TKB 
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domain of Cbl also constitutively associates with SLAP (Src-like adaptor protein), 

which is involved in the downregulation of T cells and Thymocytes [Yasuda et al., 

2002]. In addition to these interactions, Cbl TKB domain also interacts and 

stabilizes polymerized microtubules [Teckchandani et al., 2001]. Thus, the highly 

conserved TKB domain confers both phosphotyrosine dependent and independent 

interactions.  

Proline-rich region 

The sequence homology among Cbl proteins is less extensive C-terminal to 

the RING finger, with the exception of the short form found in Drosophila, they all 

have proline–rich regions that are involved in numerous interactions with Src 

homology domain 3 (SH3)-containing proteins (e.g. Src family tyrosine kinases, 

Grb2, Nck, SH3P2, CIN85 ⁄CMS) (Figure 5). There are 15 and 17 potential SH3 

domain-binding sites in Cbl and Cbl-b respectively. The common proline helices that 

serve as binding sites for Grb2 (PPVPPR), Src (PPPPPP(E/D)R) [Thien and 

Langdon, 2005]. In addition, the atypical PX(P/A)XXR) that binds to CIN85 (Cbl 

interacting protein of 85 kDa) are completely conserved in Cbl and Cbl-b The 

PX(P/A)XXR) motif promotes ligand induced internalization of  EGF and Met 

receptors [Petrelli et al., 2002; Soubeyran et al., 2002].  The proline rich region in Cbl 

is also required for ubiquitylation and proteosomal degradation of Src [Yokouchi et 

al., 2001]. Mutation of prolines 544-549 to alanines (Cbl6PA) reduced the Src/Cbl 

interaction in 293-VnR cells and in adenovirus-infected OCLs [Sanjay et al., 2006]. In 

contrast to Cbl which interacts with PI3K in a phosphorylated manner (see below), 

the interaction Cbl-b primarily associates with PI3K via the proline rich region [Fang 

et al., 2001].  
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Phosphorylated tyrosines 

Cbl and Cbl-b are prominent substrates of PTKs, and both are 

phosphorylated following stimulation of variety of cell surface receptors. Cbl has 22 

tyrosines of these Y700, Y737 and Y774 in the C-terminal half are the best 

characterized phosphorylation sites. All the three tyrosines are phosphorylated by 

Syk and Src family kinases but not by Lck or Zap 70 [Feshchenko et al., 1998]. 

Specific roles for several of these binding sites have been proposed, based on 

sequence homologies of specific residues. Following is the brief summary of the 

proteins that interact with these phosphorylated tyrosine moieties.  

Tyrosine700 and Tyrosine774:  Phosphorylation of tyrosine Y700 and Y774 

provide docking sites for the SH2 domains Crk, an adaptor protein [Andoniou et 

al., 1996], which is involved in the activation of different effector proteins including 

guanine nucleotide releasing protein C3G and small GTPases like Rap1 and Rac. 

Phosphorylation of Y700 also mediates the interaction with the SH2 domain of Vav 

[Miura-Shimura et al., 2003], a guanine nucleotide exchange factor for Rho family 

of GTPases. Like Cbl, Cbl-b also has at Y709 and Y655 flanking sequences that are 

homologous to Y700 and Y744 in Cbl [Keane et al., 1995]. However, the physical 

interaction of Cbl-b with Vav and Crk via phosphorylated tyrosines is not 

demonstrated and at least in T cells, Cbl-b predominantly uses proline rich 

sequences to constitutively interact with and regulate Vav and PI3K [Bustelo, 

2002; Fang et al., 2001], therefore contributions of the tyrosine phosphorylation to 

the function of Cbl proteins is likely to differ and could contribute to the differences 

in the knock out phenotypes (see below).  

Tyrosine731:  This tyrosine is unique to Cbl and is not present on Cbl-b.  It also 

does not share the flanking sequences with either Y700 or Y744.  The Y737 EAM motif 
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(Y731 in humans; Y737 in mouse) provided the docking site for the SH2 domains of 

the p85 regulatory subunit of PI3K [Hunter et al., 1999; Ueno et al., 1998]. Other 

investigators showed that Tyr731 is among several Tyr residues that are 

phosphorylated by Src family kinases and Syk [Feshchenko et al., 1998], and that 

when phosphorylated; it binds the SH2 domain of the regulatory p85 subunit of PI3K 

[Hunter et al., 1999; Ueno et al., 1998]. Over-expression of CblY737F in OCLs 

markedly inhibited in vitro bone resorption [Miyazaki et al., 2004].  

Ubiquitin Associated Domain (UBA) 

 Both c-Cbl and Cbl-b have UBA domains at their C-terminal ends. The UBA 

domains interact with ubiquitin and ubiquitin-like domains and also with one another 

and this enables c-Cbl and Cbl-b to form homo-and hetero-dimers. Interestingly, the 

UBA domain of Cbl-b, but not the UBA domain of Cbl, mediates binding of Cbl-b to 

ubiquitin and ubiquitinated proteins (Davies et al 2004; Raasi et al 2005).  The UBA 

domain of Cbl has been shown to mediate homodimerization of Cbl and 

heterodimerization between Cbl and Cbl-b [Bartkiewicz et al., 1999; Liu et al., 2003].  

Cbl lacking UBA domain is not phosphorylated as heavily as Cbl WT upon EGFR 

activation and is not recruited to the receptor as well as WT Cbl [Bartkiewicz et al., 

1999] 

 

Cbl-/- and Cbl-b-/- mice 

The single knockouts of Cbl and Cbl-b are viable [Bachmaier et al., 2000; 

Chiang et al., 2000; Murphy et al., 1998; Naramura et al., 1998] but embryonic 

lethality of Cbl/Cbl-b double knockout mice before E10.5 suggests that both Cbl and 

Cbl-b have important overlapping functions [Naramura et al., 2002].  
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Consistent with high expression of Cbl proteins in immune cells and their role 

as negative regulators, both Cbl-/- and Cbl-b-/- mice display hyperactive signaling 

downstream of T cell receptor. Interestingly however, the predominant Cbl-/- and Cbl-

b-/- phenotype appears to be restricted to thymocytes and T-cells respectively 

[Bachmaier et al., 2000; Chiang et al., 2000; Murphy et al., 1998; Naramura et al., 

1998]. This may be in part due to tissue distribution as c-Cbl is more highly 

expressed in thymus compared with Cbl-b while reverse is true in peripheral T-cells 

[Bachmaier et al., 2000; Chiang et al., 2000; Murphy et al., 1998; Naramura et al., 

1998]. A complete description of the immunological phenotypes can be found in the 

following reviews [Thien and Langdon, 1998; Thien and Langdon, 2001; Tsygankov 

et al., 2001].  

Skeletal Phenotype of the Cbl-/- mice 

The single deletions of either Cbl gene cause relatively mild, but distinctly 

different bone phenotypes [Chiusaroli et al., 2003]. The bone phenotype of the Cbl-/- 

mice is manifested primarily during endochondral bone formation at the stage of 

formation of the marrow cavity [Chiusaroli et al., 2003]. The absence of Cbl results in 

delayed osteoclast invasion of the hypertrophic cartilage through the bone collar, 

and consequently in the delayed initiation of vascularization and replacement of 

cartilage by bone. This in turn results in a delay in the formation of secondary 

centers of ossification, a thicker hypertrophic zone of the growth plate, and a 

prolonged presence of cartilaginous remnants in the trabecular bone, indicating that 

there is a decrease in the resorption of the calcified cartilage.  Differences in bone 

structure are resolved within a few weeks of birth [Chiusaroli et al., 2003]. In vivo, 

Cbl-/- osteoclasts have reduced motility [Sanjay et al., 2001], but the in vitro bone 

resorbing activity of Cbl-/- osteoclasts is indistinguishable from that of wild type 
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osteoclasts [Miyazaki et al., 2004; Sanjay et al., 2006]. Thus, Cbl-dependent 

mechanisms promote the motility of osteoclasts in vitro.  This is consistent with the 

generally recognized role of Cbl in the regulation of cell adhesion, spreading and 

migration (via mechanisms that involve Src and PI3K) [Meng and Lowell, 1998; 

Miyazaki et al., 2004; Sanjay et al., 2001; Sanjay et al., 2006; Scaife and Langdon, 

2000; Zell et al., 1998], as well as contributing to the osteoclast’s ability to invade 

and resorb bone and mineralized cartilage in vivo.  The moderate and transient Cbl-/- 

bone phenotype suggests that Cbl-b, which is present at a higher level in Cbl-/- 

osteoclasts [Chiusaroli et al., 2003], is largely able to compensate for the absence of 

Cbl.  

The adult Cbl-/- mice do not have an an overt bone phenotype. The bone 

formation and resorption rates as measured by serum analysis are normal as 

compared to control mice [Chiusaroli et al., 2003].  

Skeletal Phenotype of the Cbl-b-/- mice 

The bone phenotype of Cbl-b-/- mice is distinctly different from the Cbl-/- 

phenotype and more pronounced, with significantly reduced bone mass (30% lower 

bone volume at 12 weeks old) [Nakajima et al., 2009]. Bone formation is unaltered in 

these mice, while levels of CTX, a product of collagen degradation and a marker of 

bone resorption, are increased, suggesting that the osteopenia results from 

increased osteoclast activity [Nakajima et al., 2009].  In contrast to the wild type-like 

in vitro bone resorbing activity of the Cbl-/- osteoclasts, Cbl-b-/- osteoclasts resorb 

bone in vitro nearly twice as actively as wild type cells [Nakajima et al., 2009].  

Expressing recombinant Cbl-b, but not Cbl, in the Cbl-b-/- osteoclasts reverses the 

increase in resorbing activity, and over-expressing Cbl-b in wild type osteoclasts 
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reduces bone resorption [Nakajima et al., 2009]. Taken together these results 

suggest that both Cbl and Cbl-b have unique functions in osteoclasts.   

 

Phosphotidylinositol-3 Kinase 

Phosphatidylinositol-3 kinases (PI3Ks) are a class of enzymes that 

phosphorylate phosphatidylinositol and its derivatives. PI3Ks are a family of 

enzymes involved in cellular functions such as cell growth, proliferation, 

differentiation, motility, survival and intracellular trafficking.  PI3Ks are a family of 

related intracellular signal transducer enzymes capable of phosphorylating the 3-

position hydroxyl group of the inositol ring of phosphatidylinositol (PtdIns). 

[Vanhaesebroeck et al., 1997a]. 

PI3Ks have been divided into three different classes: Class I, Class II, and 

Class III.  The classification is based on primary structure, regulation, and in vitro 

lipid substrate specificity [Leevers SJ, 1999].  Class I PI3Ks are further divided into 

class IA and class IB PI3Ks. Class IA enzymes consist of a p110 catalytic subunit 

complexed to a p85 regulatory subunit and signal downstream of tyrosine (Tyr) 

kinases and Ras [Cantley, 2002; Vanhaesebroeck et al., 2005; Vanhaesebroeck et 

al., 1997a] (Figure 6). Class I PI3Ks are responsible for the production of 

Phosphatidylinositol 3 phosphate (PI3P), phosphatidylinositol (3,4)- bisphosphate 

(PI(3,4)P2), and phosphatidylinositol (3,4,5)-triphosphate (PI(3,45)P3).  The PI3K is 

activated by G protein-coupled receptors and tyrosine kinase receptors [Leevers SJ, 

1999]. 

Class I PI3K’s are heterodimeric molecules composed of a regulatory and a 

catalytic subunit; they are further divided between IA and IB subsets on sequence 

similarity.  Class IA PI3K is composed of a heterodimer between a p110 catalytic 
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subunit and a p85 regulatory subunit [Carpenter CL, 1990]. Of the five variants of the 

p85 regulatory subunit, (p85α, p55α, p50α, p85β, or p55δ) only the p85α subunit 

protein is highly expressed. The p85α subunit is composed of one N-terminal SH3 

and two C-terminal SH2 domains. (Figure 6). The SH2 domains preferentially bind to 

the phosphorylated tyrosine residues in the amino-acid sequence Y-X-X-M 

[Songyang and Cantley, 1995]. The p110 catalytic subunit also has three variants of 

the designated p110α, β or δ catalytic subunit of these the α and β p110 isoforms 

are expressed in all cells, but p110δ is expressed primarily in leukocytes, and it has 

been suggested that it evolved in parallel with the adaptive immune system [Oak and 

Fruman, 2007; Vanhaesebroeck et al., 1997a] 

 

 

 

Figure 6. Structure of PI3K. SH2 (Src homology 2 region) responsible for binding 
tyrosine-phosphorylated residues on proteins, SH3 (Src homology region 3 region), 
which is a proline-rich region. BCR – region homologous to the break point cluster 
region. The structures of the PI3K p85 and p110 subunits are indicated as well as 
the sizes of the proteins.  
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Role of PI3K in Osteoblasts 

As stated above, PI3K functions in cellular signaling leading to cell growth, 

regulation of the cytoskeletal structure and preventing apoptosis [Cantley, 2002; 

Vanhaesebroeck et al., 2005; Vanhaesebroeck et al., 1997b].  Its activation is often 

associated with increased phosphorylated tyrosines induced by growth and 

differentiation factors.  In osteoblasts, a role for PI3K signaling has been 

demonstrated in stimulation with factors like BMP-2 (bone morphogenetic protein 2), 

IGF-1 (insulin-like growth factor 1) and PDGF (platelet derived growth factor). 

The importance of PI3K in osteoblast function has been established [Ghosh-

Choudhury et al., 2002; Lai and Cheng, 2002; Stains and Civitelli, 2005], although 

the details of its function(s) and the proteins with which it interacts are not well 

characterized. Bone morphogenetic protein-2 (BMP-2) is a potent stimulator of 

osteoblast differentiation [Canalis et al., 2003].  Treatment of 2T3 cells, an osteoblast 

cell line, with LY2940002, a reversible PI3K inhibitor, abolishes BMP-2 induction of 

alkaline phosphatase, BMP-2 has been shown to activate AKT, a downstream 

effector of PI3K, in a PI3K-dependent manner in osteoblast precursors [Ghosh-

Choudhury et al., 2002].  PI3K is also required for Smad5-dependent BMP-2 gene 

transcription, as evidenced by inhibition of transcription in cells expressing PI3K 

dominant negative construct.   

 In addition to BMP, several other growth factors have been shown to activate 

AKT in osteoblasts.  Borgatti, et al [Borgatti P, 2000] have established that exposure 

of osteoblast-like MC3T3-E1 cells to IGF-I and PDGF triggers translocation of AKT 

to the nucleus via PI3K-dependent activation of the ERK/MAPK pathway.  This 

translocation is blocked by the PI3K inhibitor wortmannin.  In contrast, some 

uncertainty exists as to whether FGF2-induced ERK activation is PI3K dependent.  
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Chaudhary and Hruska [Chaudhary and Hruska] have suggested that this effect is 

PI3K independent.  In contrast, Debiais et al [Debiais et al., 2004] have found that 

FGF-2 does activate AKT, and its downstream target GSK-3, in osteoblasts and that 

the reversible PI3K inhibitor LY294002 blunted this pro-survival effect. 

 The Wnt signaling pathway is critical for proper osteoblastogenesis.  Studies 

have shown that the Wnt pathway is involved with proliferation, function, and 

apoptosis of osteoblasts. It has been found that Wnt signaling prolongs the survival 

of uncommitted osteoblast progenitors and osteoblast cells through PI3K/Akt 

signaling cascades [Almeida M, 2005].  

The transcription factor Runx2 is indispensable for osteoblast differentiation 

and function [Ducy et al., 1997; Komori et al., 1997; Mundlos et al., 1997; Otto, 

1997].  PI3K and Runx2 have been demonstrated to be mutually dependent on each 

other in the regulation of osteoblast differentiation and migration [Fujita T, 2004].  

When cells were treated with LY294002, a reversible PI3K inhibitor, there was a 

significant decrease in both the DNA binding ability of Runx2 and the transcriptional 

activity of Runx2.  This portrays an importance for PI3K throughout bone formation 

and remodeling, since Runx2 activity is strongly increased after bone fracture, where 

chemotactic signaling from Runx2 causes migration of osteoblasts to the healing 

area.  Indeed, the feedback loop of Runx2 and PI3K signaling would play a 

significant role in multiple healing processes including the migration of osteoblast 

cells and their precursors to the healing place to replace new cartilage with bone, 

and osteoblast differentiation.  This may also occur in the process of bone 

remodeling when osteoblast precursor cells will have to migrate to the site of 

remodeling. 
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Mechanical loading studies in osteoblasts provide evidence that cyclic stretch 

activates AKT via a PI3K dependent mechanism [Danciu et al.].  

Mechanotransduction also activates two AKT-regulated transcription factors, FKHR 

and AFX that are implicated in cell survival. 

 

Role of PI3K in Bone Resorption 

The importance of PI3K in osteoclast function has been established, although the 

details of its function(s) and the proteins with which it interacts are not well characterized. 

In osteoclasts, engagement of αvβ3 induces a Src-dependent increase in the activity of 

PI3K and its association with Triton-insoluble-gelsolin-containing complexes, presumably 

the podosomes [Hruska et al., 1995a; Hruska et al., 1995b]. Treatment with PI3K inhibitors 

disrupts the actin ring and inhibits attachment, spreading, and bone-resorbing activity 

[Lakkakorpi et al., 1997; Nakamura et al., 1997]. One of the mechanisms by which PI3K 

regulates signaling pathways is by translocating to the membrane, where it generates lipid 

products that stimulate multiple pleckstrin homology (PH) domain containing GEFs 

including Vav, Tiam1, Pix, and Dbs [Bustelo, 2002; Hornstein et al., 2004; Mertens et al., 

2003; Raftopoulou and Hall, 2004; Wozniak et al., 2004]. In osteoclasts, Vav proteins are 

known to regulate cytoskeleton organization by activating small GTPases of the Rho-family 

kinase [Faccio et al., 2005]. Rho family of GTPases control cytoskeletal organization, 

dynamics and integrin-mediated signaling [Clark et al., 1998; Ridley, 1999], and their 

inhibition in osteoclast blocks vitronectin-dependent cell motility [Chellaiah et al., 2000].  

Knockouts of genes encoding the Class I catalytic and regulatory subunit isoforms 

have been described [Wakioka et al., 2001].  These knockouts further inform our 

understanding of the roles of PI3K, although it is important to recognize that alteration of 
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the expression of one subunit may impact the expression and/or activity of the others 

[Okkenhaug and Vanhaesebroeck, 2001].   Knockouts of the p110α or p110 β catalytic 

subunit are embryonic lethal mutations [Zou et al.] 

 

Thesis Objectives 

 Cbl and Cbl-b although highly homologous, have unique signaling roles in bone 

remodeling.  In order to understand more about the unique role of Cbl signaling in bone 

remodeling it is imperative to exploit the divergence of the proteins.  The interaction 

between PI3K and Cbl is mainly facilitated by Y737.  This tyrosine is unique to Cbl and is 

not present on Cbl-b.  Therefore, we have undertaken the characterization of the  CblYF/YF 

knock-in mouse, in which the PI3K binding site of Cbl is ablated due to the substitution of 

tyrosine 737 to phenylalanine. We hypothesize that the lack of interaction between Cbl-

PI3K will result in a discernable skeletal phenotype that would affect both osteoclast and 

osteoblast differentiation and function.  

1) The first objective of this thesis is to examine the impact of the Cbl-PI3K complex in 

bone homeostasis by determining the bone structure (including cortical and 

trabecular bone) and composition (including osteiod and osteoblasts). This will be 

accomplished through radiography, microCT, and histomorphometric analysis of 

bones at 12 weeks of age.   

2) The second objective is to identify the role of the Cbl-PI3K interaction on 

osteoblastogenesis and osteoblast function.  This will be accomplished at the 

cellular level through in vitro analysis of proliferation, differentiation and survival.    
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CHAPTER 2 

MATERIALS AND METHODS 

 

Reagents 

The reagents used for cell culture include α-MEM (Minimum Essential 

Medium with alpha Modification), ascorbic acid and β-glycerolphosphate and were 

purchased from Sigma (St Louis, MO). Fetal Bovine Serum (FBS), penicillin-

streptomycin (P/S), phosphate buffered saline (PBS) and 0.5% trypsin were obtained 

from Thermo Fisher Scientific (Pittsburg, PA).  Enzymes, collagenase and dispase 

for calvaria digestion, and superscript II for cDNA synthesis were obtained from 

Invitrogen (Carlsbad, CA).  Trizol was obtained from Invitrogen (Carlsbad, CA) and 

glycogen was brought from (Roche (Madison, WI) were used for RNA isolation. 

Epidermal growth factor (EGF) was purchased from Calbiochem (Gibbstown, NJ) 

where as fibroblast growth factor (FGF), insulin growth factor (IGF), and platelet-

derived growth factor (PDGF) were obtained from R&D Systems (Minneapolis, MN).  

KaryoMAX Giemsa stain used for cell staining assays was purchased from 

Invitrogen (Carlsbad, CA). All primary antibodies used for the work presented here 

were obtained from Cell Signaling Technology (Danvers, MA). The secondary 

antibodies and blocking buffer came from LI-COR (Lincoln, NE).  General chemicals 

including Tris (hydroxymethyl) aminomethane, NaCl, sodium orthovanadate 

(Na2VO3), NaF, sodium dodecyl sulfate (SDS), sodium deoxycholate, NP40, Triton 

X-100, were obtained from Sigma (St Louis, MO) unless otherwise indicated. 

Protease inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF) were procured 

from Pierce, (Rockford, IL). TUNEL kit for the survival assay was purchased from 

Promega (Madison, WI).    
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Mice Colony 

The generation of CblY737F mice has been previously described [Molero et 

al., 2006], and they were generously provided by Dr Wallace Langdon (University of 

Western Australia, Crawley, WA, Australia).  Both wild type and CblY737 mice were 

maintained in a 129Sv/J background.  Mice were housed in the Central Animal 

Facility on the Health Science Campus at Temple University. Animal use and care 

was monitored by the University Animal Use and Care Committee, and in 

accordance with NIH Guidelines for Care and Use of Animals 

 

Histological Analysis 

For histological and histomorphometric analysis, mice were euthanized by 

CO2 asphyxiation. To measure dynamic bone formation parameters, mice were 

injected intraperitoneally with calcein (Sigma, St Louis, MO) (30mg/kg body weight) 

10 and 3 days before death.  After the animals were euthanized, hind limbs were 

removed immediately, cleaned of soft tissue and immersed in 3.7% formaldehyde in 

PBS for 48hr.  Isolated long bones were dehydrated in graded alcohols (70 to100%), 

cleared in xylene and embedded in methyl methacrylate as described previously 

(Luna, 1968; Sheenan and Hrapchak, 1987).  Sections (5µM) were used to measure 

the fluorochrome labels, and later deplasticized and stained with Masson Trichrome 

as described previously (Luna, 1968; Sheenan and Hrapchak, 1987). Three sections 

per limb were examined on a Nikon 800 fluorescence microscope using Bioquant 

Osteo II digitizing system (R&M Biometrics, Nashville, TN).  The following primary 

data for measuring the dynamic parameters of bone formation were collected from 

the trabecular surface in a defined region of interest (100µM distal from the growth 
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plate and 50µM in from the cortical bone) at 20x magnification: single-label perimeter 

(sL.PM), double-labeled perimeter, measured along the first label (dL.Pm) and 

interlabel distance.  The same sections were then evaluated under polarized white 

light after Masson’s Trichrome staining to determine static parameters of bone 

formation including bone surface (BS), osteoid volume (OV), and osteoblast number 

(Ob N).  From these primary data, the following derived quantities were calculated: 

mineralizing surface, [MS/BS; %], mineral apposition rate [MAR= mM/day], bone 

formation rate [BFR/BS = MAR x (MS/BS)], osteoid volume [OV/BS], and osteoblast 

number [Ob. N./BS] as described previously [Parfitt et al., 1987].  

 

MicroCT Analysis 

High-resolution images of tibiae and femur were acquired by using a Skyscan 

1172, 12 MPix model, (Microphotonics, Allentown, PA). The proximal tibiae and 

distal femur were scanned with the source voltage 59 kV, a source current of 167µA, 

and an isotropic voxel size of 6µm. Imagining started at the distal end of the femur or 

the proximal end of the tibiae, and included approximately 7mm (1335 slices) of the 

total bone length. Average scan duration was 35 minutes. After scanning, 3D 

microstructual image data was reconstructed and structural indices were calculated 

using the Skyscan CT Analyzer (CTAn) software.  All hindlimbs analyzed by 

MicroCT were age matched male mice. 

Trabecular bone analysis 

Using Skyscan CT Analyzer (CTAn) software, trabecular bone was separated 

with a region of interest tool. Trabecular morphometric traits were computed from 
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binarized images using direct 3D techniques that do not rely on prior assumptions 

from the underlying structures. The volume of interest for trabecular 

microarchitectural variables was bounded to the endocortical margin, starting 1.9 

mm from the proximal tibial condyles, 0.2 mm distal to the growth plate, in the 

direction of the metaphysis, and then extending from this position for 100 slices (0.6 

mm). An upper threshold of 255 and a lower threshold of 80 was used to delineate 

each pixel as “bone” or “non-bone”, and trabecular bone volume per total volume 

(BV/TV), bone surface density (BS/TV), mean trabecular thickness (Tb.Th),  mean 

trabecular number (Tb.N), mean trabecular separation (Tb.Sp), trabecular pattern 

factor (Tb.Pf), structural model index (SMI), connectivity density (Conn.D) and 

degree of anisotropy (DA) indices were computed.  

Cortical bone analysis 

The midshaft of the femur was determined as 40% of the entire length of the 

bone.  Starting from the midshaft and extending 100 slices (0.6mm) toward the 

femur head, this area was defined as the cortical region of interest. An upper 

threshold of 255 and a lower threshold of 80 was used to delineate each pixel as 

“bone” or “non-bone”, and periosteal perimeter (P.Pm), endosteal perimeter 

(En.Pm), bone marrow area (BM.Ar), and cortical thickness (Ct.Th) were computed.  

 

Three Point Bending Assay to Analyze the Mechanical Properties of Bones 

Bone length was measured using calipers, were averaged to determine the 

length of the femurs. Each bone was measured three times. The structural integrity 

of the femurs from 12 week-old male and female mice were assessed using a three-
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point bending assay using a materials testing machine (Instron, Canton, MA) fitted 

with a 1000-N load cell as previously described (Yingling, et al 2009). Before testing, 

the bones were incubated at room temperature in saline to ensure hydration.  Before 

the placement of the bones, a suitable distance for the lower support prongs of the 

bending machine was determined. For consistency, all femurs were placed on the 

loading fixture anterior-side down and loaded in the antero-posterior plane.  The 

distance between the lower support points was maximized at 10mm for the femurs. 

The bones were preloaded with a small stabilizing preload (1N) then loaded to failure 

at a rate of 0.05 mm/s, during which displacement and force were collected at (100 

Hz). The force and displacement values were normalized by using terms derived 

from engineering analysis of three-point bending. Bending moments were calculated 

from the force (F) data (M = FL/4) (Nmm). Displacement data were divided by 

(L2/12) (mm/mm2), where L is the distance between the lower supports. Whole bone 

mechanical properties were then determined from the moment vs. normalized 

displacement curves including; peak moment (Nmm) (ultimate load the specimen 

sustained), stiffness (Nmm2) (the slope of the initial linear portion of the force–

displacement curve), post-yield displacement (mm/mm2) (displacement at failure 

minus the displacement at the yield point), and work to failure (Nmm-mm/mm2) (the 

area under the force–displacement curve before failure) (Yingling, et al 2009; Turner 

and Burr, 1993). 

 

Primary Calvarial Osteoblast Cultures 

Calvarial osteoblasts were obtained from 3-5 day old pups as previously 

described [Sabatakos et al., 1998] Briefly, mice were euthanized by decapitation and 
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calvaria was removed and cleaned of soft tissue.  Osteoblasts were released from 

the calvaria through a series of 5 sequential 15 minutes digestions in 0.1% 

collagenase, 0.2% dispase in αMEM at 37oC on a rotating platform.  The first digest 

was discarded.  Subsequent digests were pooled, centrifuged at 15,000 rpm for 5 

minutes.  Typically cells from three calvaria were plated in T-150 flasks in medium 

supplemented with 10% FBS.  Culture medium was changed every third day until 

cells reached confluence.  Cells were split for subsequent experiments or frozen at a 

density of 2x106 cells/mL in cell freezing media from Sigma (St Louis, MO) in a liquid 

nitrogen safe centrifuge tube and stored in liquid nitrogen for later use.    

 

Primary Bone Marrow Cultures 

Mice, aged 6-8 weeks, were euthanized using CO2 asphyxiation.  The hind 

limbs were isolated, removing skin and muscle from the bone.  The proximal and 

distal ends of the hind limbs were cut to allow the marrow to be flushed with 

complete media, using a 20-gauge needle and syringe.  Cells were seeded in a 6 cm 

plate at a density of 1x107 cells for conditioned media experiments and a density of 

1.5x105 cell/cm2 for colony forming unit (CFU) assay. 

 

Osteoblast Differentiation 

Cbl+/+ and CblYF/YF calvarial osteoblasts or BMSC were seeded in 6 cm plates 

at a density of 5x105 cells per plate.  Cells were differentiated using 50mM ascorbic 

acid and 5mM β-glycerophosphate.  Osteogenic media was changed every third day.  

On day 14 and 21 cells were harvested or fixed for subsequent analysis. Cells were 
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analyzed for alkaline phosphate staining, alkaline phosphatase activity, or alizarin 

red staining and quantification as previously described (Gregory, et al. 2004). 

 

Semi-quantitative PCR 

Differentiated osteoblasts were harvested in Trizol, and treated according to 

the manufacturer’s protocol. Briefly, cells were treated with 1mL of Trizol.  

Chloroform was added to separate the aqueous layer from the rest of the cell lysate.  

Then isopropyl alcohol and 10ug of glycogen were added to the aqueous layer to 

precipitate the RNA.  The RNA was washed with 70% ethanol and then the RNA 

pellet was dried briefly.  The RNA was reconstituted in DEPC-treated water and the 

concentration of the RNA was determined with a spectrophorometer A260/280. One 

microgram of each sample was then subjected to first stand synthesis according to 

the manufacturer’s protocol (Invitrogen, Carlsbad, CA). Briefly, 1ug of RNA was 

reverse transcribed using superscript II.  Semi quantitative PCR was performed 

using the following primers:  

Primers for RT-PCR  
Col1A       
5' GCAATCGGGATCAGTACGAA 
3' CTTTCACGCCTTTGAAGCCA 

BSP    
5' TACCGGCCACGCTACTTTCTTTAT 
3' GACCGCCAGCTGTTTTCATCC 

Runx2    
5' CCGCACGACAACCGCACCAT 
3' CGCTCCGGCCCACAAATCTC 

GAPDH    
5' TGTCTTCACCACCATGGAGAAG 
3' GTGGATGCAGGGATGATGTTCTG 
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PCR conditions were as follows: denaturing:  95oC – 3 min, annealing: 30 cycles 

[95oC – 1 min, 55oC – 2 min, 72oC – 1 min], extension: 72oC – 7 min.  Resultant 

cDNA products were visualized on a 1% TAE agarose gel with ethidium bromide.  

 

Proliferation 

Cyquant Method 

 Cbl+/+ and CblYF/YF calvarial osteoblasts or bone marrow stromal cells (BMSC) 

were plated in a 96 well plate in quadruplets at 10,000 cells/well. Cells were 

incubated for 72 hrs at 37oC, 5% CO2.  After 72hrs, the media was aspirated from 

the wells and cells were washed 3x with cold PBS.  The plates were then placed at -

80oC until further use.  One hour before the assay, the plates were removed from the 

-80oC and thawed at room temperature.  The Cyquant assay was performed using 

the Cyquant Cell Proliferation Kit (Molecular Probes, Eugene, OR) as per 

manufacturer’s protocol.  The samples were measured using a Wallac 1420 

fluorometer (PerkinElmer and Analytical Sciences, Turku, Finland).  The proliferation 

was based on the relative fluorescence of the samples, and cell proliferation was 

normalized as percent of complete media proliferation.   

Colony forming assay (CFU) 

The CFU assay was performed as previously described[Hankenson, 2000]. 

Briefly, bone marrow cells from either Cbl+/+ or CblYF/YF were plated at the density 

stated above.  The BMSC incubated at 37oC, 5% CO2 for 5 days.  Then 1/3 of the 

media was replaced with complete media every third day for 20 days.  After 20 days, 

cells were fixed with 3.7% formaldehyde and stained with KaryoMax Giemsa stain or 
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alkaline phosphatase (Sigma, St Louis, MO, USA) according to manufacturer’s 

protocol.  After staining, the cells were visualized until E300 microscope at a 10x 

magnification to count the number of colonies formed.   Cells in clusters of 20 or 

more were counted as one colony. 

 

Treatment of Osteoblasts with Growth Factors 

Cbl+/+ and CblYF/YF osteoblasts were seeded at a density of 5x10^5 cells per 

6cm plate. Cells were incubated overnight and were washed with PBS. Cells were 

then cultured in serum free media for an additional 24 hrs.  Next day cells were 

either left untreated (serum free media), treated with complete media, or treated with 

EGF, FGF, IGF, or PDGF at 100ng/mL for 72 hrs.  After incubation, cells were was 

washed 3x with cold PBS and assessed for proliferation by CyQuant assay as 

described above or lysed with mRIPA lysis buffer (50mM Tris-HCL pH 8.0, 150mM 

NaCl, 0.5% NP40, 0.25% sodium deoxycholate, 1x protease inhibitors,1mM  PMSF, 

1mM Na2VO3, 50mM NaF).  The cells that were lysates with mRIPA were incubated 

on ice for 30 minutes.  The lysates were then centrifuged at 4oC for 30 minutes at 

13,000 rpm.  The lysates were then subjected to BCA protein estimation as 

described below. 

 

Generation of Conditioned Media 

Bone Marrow Conditioned Media 

Flushed bone marrow cells were plated in 6cm dishes at a density of 1x107 

cells for 5 days.  On the fifth day, the media was removed and centrifuged at 1500 
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rpm for 5 minutes. The supernatant was either used immediately or aliquoted and 

frozen at -80oC.   

Osteoclast Conditioned Media 

Mice, aged 6-8 weeks, were euthanized using CO2 asphyxiation.  The hind 

limbs were isolated, removing skin and muscle from the bone.  The proximal and 

distal ends of the hind limbs were cut to allow the marrow to be flushed into 

complete media using a 20-gauge needle and syringe. The isolated bone marrow 

cells were seeded in a T-75 flask.  The following day the non-adherent cells were 

removed and replated.  Cells were cultured in the presence of MCSF (20ng/mL) and 

RANKL (50ng/mL) for 7 days. After the appearance of multinucleated osteoclasts, 

culture media was collected and centrifuged. The supernatants were frozen at -80oC 

for later use. 

 

Proliferation Assay Using Conditioned Media 

MC3T3-E1 cells were plated at 10,000 cells/well in a 96 well plate in 

quadruplets.  The cells were incubated 18hrs.  Following 18hrs incubation MC3T3-

E1 cells were treated with serum free media, complete media, or conditioned media 

from bone marrow, spleen or osteoclasts and incubated for 72 hrs.  The media was 

then aspirated, and the plate was washed 3x with cold PBS.  The plate was frozen at 

-80oC for at least 24 hrs.  One hour before the assay, plates were removed from the   

-80oC freezer and thawed at room temperature.  The Cyquant assay was performed 

using the Cyquant Cell Proliferation Kit as per manufacturer’s protocol as described 

above.     
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Survival 

MTT Assay 

MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay 

was used to assess cell survival.  MTT assay was performed according to 

manufacturer’s protocol (Sigma, St. Louis, MO).  Briefly, Cbl+/+ and CblYF/YF calvarial 

osteoblasts or BMSC were plated (10,000 cells/well) in quadruples in a 96-well plate. 

Cells were incubated overnight in complete media.  After 24hrs, cells were rinsed 

with PBS, and treated with complete media or serum free media (αMEM /1%PS).  

After an additional 48hrs, cells were treated with MTT and incubated for 1hr at 37oC.  

After 1hr the plate was read at 405nm in the Biorad iMark Plate Reader (Hercules, 

CA).  

TUNEL Assay 

TUNEL (Terminal Deoxynucleotide Transferase dUTP Nick End Labeling) 

assay was used to assess cell survival.  Cbl+/+ and CblYF/YF calvarial osteoblasts were 

seeded at a density of 1x10^5 on glass coverslips.  The cells were incubated 

overnight in complete media.  The following day the cells media was removed and 

the cells were washed with PBS.  The cells were then treated with complete media, 

serum free media, or 10µM PI3K inhibitor, LY294002. After incubation for 30 

minutes, cells were fixed with 3.7% formaldehyde, stained with TUNEL as per 

manufacturer’s instruction, and counterstained with DAPI (Molecular Probes, CA). 

Labeled cells were visualized using Nikon 800 fluorescence microscope, and cell 

images were captured at 20x magnification.  The TUNEL and DAPI images were 

overlaid using Adobe Photoshop (San Jose, CA).  Survival was quantified by 
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counting the number of TUNEL positive cells divided by the number of DAPI stained 

nuclei and multiplied by 100 for percent TUNEL positive cells.  

 

Fluid Shear Stress 

Cbl+/+ and CblYF/YF osteoblasts were seeded at density of 6x10^5 cells/slide.  

The cells were incubated until they reached confluence.  The mediate was then 

aspirated and replaced with serum free αMEM 3 hrs before treatment with lamellar 

shear stress with a parallel plate flow apparatus (Flexcell) or left static.  Cells 

underwent a constant shear stress of 10dynes/cm2 for 5, 10, or 30 minutes.  Treated 

cells were removed from the flow apparatus, washed with cold PBS, and scraped 

into mRIPA lysis buffer to prepare cell lysates.  

 

Transfection 

 293VnR cells were cultured in the presence of αMEM supplemented with 

10% fetal bovine serum. Cells were transfected with vector alone, Cbl WT or mutated 

CblY737F according to manufacturer’s protocol.  Briefly, 10µg of cDNA was diluted 

in 500µL αMEM for 5 minutes.  Similarly, 10µL of Lipofectamine (Invitrogen, 

Carlsbad, CA) was diluted in 500uL of αMEM without antibiotics.  The diluted 

Lipofectamine was then added to the DNA, and the mixture incubated at room 

temperature for 20 minutes.  The mixture was then added in a drop wise manner to 

cultures plates.  Cells were incubated for 6 hrs and the transfection medium was 

replaced with αMEM supplemented with 10% FBS. Cells were harvested 48-72 hrs 

after transfection.  
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GST Pull Down Assay 

The GST pull down assay was performed as previously described [Sanjay et 

al., 2006]. Briefly, 500 mL of bacterial culture was induced with 1mM isopropyl-b-d-

thiogalactopyranoside (IPTG) for 3 hrs. The bacterial lysate containing the GST 

protein was obtained by a standard procedure described elsewhere [Bartkiewicz et 

al., 1999].  The binding of the fusion proteins to glutathione-Sepharose-4B resin 

(Amersham Biosciences, Piscataway, NJ) was performed in a batch-wise fashion for 

2h at 4oC, and to reduce the nonspecific binding 0.1% Triton X-100, 150mM NaCl, 

and 50mM Tris were included in the buffer.  

293VnR cell were lysed in buffer containing 50mM Tris/HCl (pH 7.5), 1% 

Trition-x-100, and 150mM NaCl.  Seventy-five micrograms of clarified lysate were 

incubated with 5µg of GST fusion protein bound to glutathione-Sepharose-4B beads.  

Lysates were incubated with various GST fusion proteins for 2 hrs at 4oC on a 

rotating platform. Beads were washed three times with of lysis buffer.  The samples 

were then subjected to SDS-PAGE gel and Western blotting as described above. 

 

Protein Estimation and Western Blotting 

Protein Estimation 

Cells were harvested in mRIPA (modified-RIPA) buffer. The lysates were 

incubated on ice for 30 minutes, and then centrifuged at 13,000 rpm for 1 hr.  The 

clarified lysates were subject to BCA Protein Assay (Pierce, Rockford, IL) according 

to manufacturer’s protocol.  Briefly, 5µL of clarified lysate and standards were added 

to a 96 well plate in duplicate.  Then 200µL of the BCA reagent was added to each 
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well.  The plate was covered from light, and incubated at 37oC.  After 1 hr, the plate 

was read at 595nm using BioRAD iMark plate reader.  The concentrations for each 

of the lysates where determined by calculations per the manufacturer’s protocol.  

Western Blotting 

For SDS-PAGE analysis loading buffer 6x SDS was added to each sample, 

and the samples were heated boiled at 95oC for 5-8 minutes.  Forty micrograms of 

lysate was added to 10% SDS-PAGE gel and the electrophoresis was performed run 

at 80V.  The proteins from the gel were as then transferred to nitrocellulose paper 

overnight running at 40V, at 4oC.  The nitrocellulose membrane was then blocked in 

LI-COR blocking buffer (LI-COR, Lincoln, Nebraska) for 1 hr at room temperature on 

a rotating platform.  The blots were probed with primary antibodies overnight at 4oC. 

Blots were washed in TBS-0.1% Tween.  Blots were incubated with appropriate 

secondary antibodies in LI-COR blocking buffer for 1hr at room temperature. Blots 

were visualized and quantified using the Odyssey scanning system.   

 

Analysis of Cytokines in the Conditioned Media 

Conditioned media from bone marrow and spleen, were sent for analysis to a 

commercial entity Searchlight Aushon BioSystems, Inc (Billerica,MA). Briefly, an 

ELISA was performed using the conditioned media, and the antibody to the cytokine 

of interest.  The samples were diluted 1:2, 1:50, and 1:1000, and tested in 

duplicates.  A standard curve was established from the dilutions of the samples. 

Then a mean value for the cytokine of interest was determined from the standard 

curve, and reported. Protein estimation of the conditioned media was performed 
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using BCA kit.  The results of the cytokine assays were normalized to the protein 

concentration for each sample. 

 

Statistics 

 Before statistical evaluation, the mechanical outcome measures that were 

found to scale with body weight were normalized with a linear regression-based 

correction [Di Masso et al., 1997].  The correction decreased the variablity in the 

date. All experiments were performed at least three times, and differences between 

the Cbl+/+ and CblYF/YF were determined student’s t-test.  All statistics were generated 

from GraphPad Prism 4.0 program (San Diego, Ca).  The differences were 

considered statistic if the p-value <0.05, and all data is representated as + SEM. 

  



43 
 

Chapter 3 

Results 

 

Phosphorylation of CblY731 is Required for Cbl-PI3K Interaction 

Cbl’s regulation of receptor signaling, cell proliferation and cell attachment and 

migration requires that the availability of Cbl’s multiple protein-binding sites be 

controlled to prevent inappropriate binding to other signaling effectors. Consistent 

with this need to function as a scaffolding protein, phosphorylation of Cbl promotes 

its interactions with several signaling proteins. Phosphorylation of Tyr residues 

creates binding sites on Cbl for SH2-containing proteins such as Crk adaptor 

proteins [Andoniou et al., 1996; de Jong et al., 1995; Ribon et al., 1996], Vav [Miura-

Shimura et al., 2003] and the p85 subunit of PI3K [Hunter et al., 1999; Soltoff and 

Cantley, 1996]. PI3K is composed of a regulatory p85 subunit and catalytic p110 

subunit (Figure 6). The p85 regulatory subunit contains one SH3 and two SH2 

domains and the interaction of these domains with Cbl possibly determines the 

activity as well as sub-cellular localization of PI3K. To examine if the phosphorylated 

CblY731 is able to interact with the SH3 and/or the SH2 domains of the p85, we 

used a wild type Cbl and a Cbl protein in which the regulatory Y731 was substituted 

to phenylalanine (CblY731F). 293VnR cells were transfected with wild type HA-

tagged Cbl or CblY731F cDNAs and cells were stimulated with EGF, a known 

inducer of Cbl phosphorylation [Hunter et al., 1999]. The EGF induced tyrosine 

phosphorylation of cellular proteins was confirmed by probing the blot containing 

total cell lysates with anti-phosphotyrosine antibodies (Figure 7A, upper panel). 

Equal loading was confirmed by probing the blot with anti-actin antibodies (Figure 

7A, lower panel). 
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Figure 7. Mutation of CblY731F inhibits PI3K binding without inhibiting 
other Cbl binding proteins.  293-VnR cells were transfected with HA-CblWT, 
HA-Cbl-YF or vector alone.  After 48 hrs transfected cells were untreated or 
treated with 200ng/mL of epidermal growth factor (EGF).  (A)  Cbl 
phosphorylation was determined by Western blotting with anti-phosphotyrosine 
(upper panel). Blot was stripped and reprobed with an anti-actin antibody (lower 
panel).  (B)  The expression level of HA-CblWT and HA-CblYF were visualized 
by Western blotting with anti-HA antibody (upper panel).  Total levels of Cbl 
expression were visualized using an anti-Cbl antibody (middle panel).  Equal 
loading was visualized by using an anti-GAPDH antibody (lower panel).  (C) 
Lysates of untreated or epidermal growth factor (EGF)-treated 293-VnR cells 
were incubated with glutathione–Sepharose beads loaded with 3 µg of GST, 
GST–p85, or GST-GRB2 proteins. Total cell lysates (TCL) were included.The 
amount of Cbl associated with GST, GST–p85, or GST-GRB2 proteins is 
visualized using anti-HA antibody.  (D)  Immunoprecipitation of the p85 subunit 
with lysates overexpressing HA-CblWT, HA-CblYF, or vector alone were probed 
with anti-HA or anti-p85.  Total cell lysates were run and probed for HA to show 
equal loading. 
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Having verified the expression of the exogenously expressed Cbl proteins 

(Figure 7B upper panel and middle panel, respectively), a GST-pull down assay was 

performed using GST and GST full-length p85. As shown in Figure 7C (middle 

panel), Western blot analysis showed that wild type Cbl interacted with GST full-

length p85 only upon EGF stimulation. In contrast, CblY731F protein failed to 

interact with both the full-length p85 (Fig 7C, middle panel.). These results 

suggested that phosphorylated CblY731 is the primary binding site for Cbl-PI3K 

interaction and confirms previously published reports [Hunter et al., 1999; Ueno et 

al., 1998].  The requirement of CblY731 for p85 interaction was further confirmed by 

perfoming co-immunoprecipitation assay with full length p85 protein. 293VnR cells 

were transfected with wild type Cbl or CblY737F and treated with EGF to induce Cbl 

phosphorylation. Western blot analysis of the p85 immunoprecipitates showed that 

only wild type Cbl co-immunoprecipiated with p85 and as expected CblY731F failed 

to associate with p85 protein (Figure 7D).  

The C-terminal end of Cbl has multiple binding sites for signaling proteins such 

as Grb2 [Buday et al., 1996; Fukazawa et al., 1995; Panchamoorthy et al., 1996], 

Src [Sanjay et al., 2006] and Vav [Miura-Shimura et al., 2003].  We next established 

if, the substitution of Cbl tyrosine 731 to phenylalanine would prevent the binding of 

Cbl with Grb2, which is known to interact with Cbl. For these experiments, GST 

pulldown assay was performed using GST Grb2. Western blot analysis revealed that 

both Cbl and the CblY731F proteins were able to interact with Grb2 (Figure 7C, 

bottom panel) indicating that abrogation of the Cbl-PI3K binding site on Cbl did not 

influence its interaction with Grb2. We confirmed that not only the binding ability of 
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CblY731F protein to other molecules but also the E3 ligase activity was not affected 

(data not shown, Adapala et al., 2010).  

Taken together these data confirmed that the substitution in Cbl of tyrosine 731 

to phenylalanine inhibited its binding to the p85 subunit PI3K but did not compromise 

its association with Grb2.   

 

Cbl-PI3K Signaling Occurs in Osteoblasts 

It has been documented that Src and Src family kinases (SFKs) 

phosphorylate CblY731 [Feshchenko et al., 1998] thus creating a binding site for the 

p85 subunit of PI3K [Feshchenko et al., 1999]. The interaction between Cbl and 

PI3K has been established in several cell types including T cells [Zell et al., 1998], 

macrophages [Meng and Lowell, 1998], endothelial cells [Miao et al., 2002; Wang et 

al., 2009].  The involvement of Cbl-PI3K interaction in regulating osteoclast function 

has been well documented [Miyazaki et al., 2004]. Similarly, in osteoblasts that 

express constitutively activated FGFR the interaction between Cbl and PI3K has 

been established [Dufour et al., 2008; Guenou et al., 2006]. However the 

phosphorylation of Cbl Y731 in wild type osteoblasts has not been examined. 

Previous work in endothelial cells has shown that fluid shear stress stimulates Cbl 

phosphorylation on Y737 and recruitment of the p85 subunit of PI3K [Miao et al., 

2002; Wang et al., 2009].  To investigate if Src mediated phosphorylation of CblY737 

occurs in osteoblasts, cells were exposed to fluid shear stress for the indicated time 

points. Exposure of cells to shear stress resulted in tyrosine phosphorylation of 

several proteins that increased over the time course of shear treatment (Figure 8A). 

Western blot analysis using phospho-specific antibodies revealed increased 
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activation of Src under fluid shear stress (Figure 8B, top panel) and robust 

phosphorylation of Cbl at Y737 (Figure 8B). AKT and ERK which are downstream 

effectors of PI3K and Src-mediated signaling were also phosphorylated when cells 

were exposed to fluid shear stress. These results suggested that in osteoblasts, 

stimulation of Src kinase activity results in CblY737 phosphorylation. Additionally, 

phosphorylation of AKT at 10 minutes after CblY737 phosphorylation suggested that 

Cbl-PI3K interaction is required for AKT activation (Figure 8B). Similarly, increased 

phosphorylation of ERK in a time course-dependent manner (Figure 8B) also 

implicated that it may be activated downstream of the Cbl-PI3K signaling (Figure 8B, 

bottom panel).  These data suggests that in osteoblasts, Src mediated 

phosphorylation of Cbl results in the Cbl-PI3K complex formation and the functional 

activation of this complex may result in increase AKT and ERK phosphorylation. 

 

Abrogation of Cbl-PI3K Interaction in Mice Results in Increased Bone Volume 

Gross analysis of the CblYF mice 

The molecular mechanisms by which Cbl and Cbl-b proteins regulate skeletal 

remodeling are not fully elucidated. The single knockouts of Cbl and Cbl-b are viable 

[Bachmaier et al., 2000; Chiang et al., 2000; Naramura et al., 1998] but embryonic 

lethality of Cbl/Cbl-b double knockout mice before E10.5 [Naramura et al., 2002] 

suggests that both Cbl and Cbl-b have important overlapping functions. Since the cbl 

gene is globally knocked out, Cbl-/- mice do not allow the undertaking a structure 

function analysis to examine role of Cbl domains that regulate protein-protein 

interaction. Therefore to understand the role of the Cbl-PI3K interaction in skeletal 

remodeling we employed the knock-in mice (CblY737F/Y737F; henceforth YF mice) 
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Figure 8.  Fluid Shear Stress induced Src kinase activation facilitates 
complexing of Cbl-PI3K.  (A) Primary osteoblasts were serum starved for 3 hours, 
then left untreated or treated with fluid shear stress (10 dynes/cm2) for 1, 5, or 10 
minutes.   Cell lysates were assessed with Western blotting.  The top blot was 
probed with a phospho-tyrosine antibody, to detect phosphorylated tyrosines.  The 
bottom blot was reprobed with actin antibody as a loading control to ensure all lanes 
contained similar amounts of protein.  (B) Western blotting was also used to assess 
individual levels of protein phosphorylation.  The top panel was probed for 
phosphorylated Src Y416, which is the kinase activated form of Src, and showed 
increased phosphorylation in response to shear.  The next panel was probed with 
phosphorylated CblY737, which was also phosphorylated as a downstream target of 
Src (and Src family kinase) kinase activity.  Blots were also probed for 
phosphorylated AKT and ERK levels, as indicated.  Levels of total AKT and ERK 
were verified by probing the blots with anti-AKT or anti-ERK antibodies respectively. 
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in which the PI3K binding site in Cbl is ablated. YF mice were generated in Dr. 

Wallace Langdon’s laboratory as described elsewhere [Molero et al., 2006]. We 

obtained these mice from Dr. Langdon and established their breeding in the animal 

care facility. Mice were genotyped by using specific primers by PCR analysis (data 

not shown) as described previously [Molero et al., 2006].  

 Gross analysis revealed that YF mice are smaller in size than the control 

pups (Figure 9A). The delayed growth is first apparent 3 days after birth (data not 

shown); and this trend continued for 9-18 days. The delay in growth occurred 

simultaneously with a lag in the growth of long bones (Figure 9C). The analysis of 

adult YF mice at 12 week of age, showed that they are comparable to control mice in 

weight and total tibiae length (Figure 10A,B). However, the YF mice have slightly, 

but significantly decreased body length from tail to snout (Figure 10C). Short stature 

on post-natal day 9, decreased bone length and the delay in the formation of 

secondary center of ossification is also reported in Cbl-/- mice however the adult Cbl-/- 

mice did not exhibit any overt skeletal phenotype [Chiusaroli et al., 2003].  

Radiological and histological analysis of the long bones 

Gross radiological analysis of the long bones of the adult 12 weeks old YF 

mice exhibited a clear increase in bone in the femur and tibia as compared to the 

WT and Cbl-/- mice (Figure 11A). Histological analysis of the tibiae sections stained 

with Von Kossa showed that the amount of the cancellous bone was increased in YF 

relative to the age matched control mice (Figure 11B). 
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Figure 9.  Disruption of the Cbl-PI3K interaction caused a growth delay. (A)  At 
9 days old, YF mice are smaller than their counterpart WT mice.  This growth delay 
manifests in (B) decreased total body weight for YF mice, and (C) a significant 
decrease in the tibiae length of YF mice.  Mean + SEM; *p<0.05 vs. WT.  
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Figure 10. Adult YF mice are shorter than WT mice. (A) At 12 weeks of age, 
YF mice and than their counterpart WT mice have similar weights.  (B)  Although 
the YF mice have shorter body lengths, (C) they have similar femur lengths. 
Mean + SEM; *p<0.05 vs. WT. 
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Figure 11.  Gross assessment of 12 week old WT and YF mice.  (A) A 
radiological view of the tibiae and femurs of 12 week old KO and WT mice show 
similar levels of radio-density.  In contrast, the YF long bones showed increased 
radio-density, that is emphasized at the proximal and distal ends of both the tibiae 
and the femur and is indicated by the red arrows.  (B) Representative histological 
sections of proximal tibiae of 12 week old WT and YF mice, stained with Von Kossa 
and counterstained with Toluidine Blue showed mineralization of the bone.  The dark 
purple color in the bone section represents the mineralized bone, which was 
increased in the YF section as compared to the WT section. 
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Two-dimensional histomorphometric analysis confirmed the pronounced increase in 

the bone volume, trabecular thickness and trabecular number (data not shown and 

Adapala et al., 2010). These data indicated that in contrast to adult Cbl-/- mice that do 

not have any overt skeletal phenotype the YF had increased bone volume.  

 

The Lack of Cbl-PI3K Interaction Confers Increased Bone Strength 

The imbalance between bone resorption and formation and increased 

mineralization affects the bone strength, and the ability of the skeleton to resist 

damage (fracture) is also altered. Given that as compared to WT mice there was 

increased radio-density of bones in YF mice, we next attempted to compare the 

strength of the bones by a mechanical assay constituting of three-point bending of 

the bones as previously described [Jarvinen et al., 2005; Turner, 2006; Turner and 

Burr, 1993; Yingling et al., 2009] (Figure 12A). The indices for mechanical properties 

of the bone were determined from the plot of displacement vs. force (Figure 12B). 

The linear slope of the graph represents bone stiffness where as the plateau reflects 

the yield point, where the bone structure is changed irreparably.  The failure point 

was the most force the bone could withstand before it completely broken. As 

mentioned above, femurs from 12 week old WT and YF mice were broken using a 

three point bending assay.  Significant increases were found in the peak moment 

and failure moment of YF femur compared to WT femur.  However no changes were 

observed in the stiffness, yield displacement or failure of displacement (Table 1).  
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Figure 12.  Mechanics of the three point bending assay. (A) A representation of 
the Bose actuator that was used to break the bones.  The bone was placed on two 
metal prongs set a certain distance apart.  Once a bone breaks a graph is generated 
from the results. (B) Force-displacement curves generated during destructive 
mechanical tests are used to calculate the stiffness (initial slope of the force-
displacement curve), peak moment (the largest force attained prior to failure), post-
yield displacement (a measure of brittleness), and energy-to-failure (the area under 
the entire force-displacement curve.  Yield is the point where significant changes 
occur within the material (ie damage), and this is characterized as a change in the 
slope of the force-displacement curve.  More brittle bones will show a small post-
yield displacement, whereas a more ductile bone will show larger post-yield 
displacement.   



55 
 

 

 

  

 WT YF 
Peak Moment                 
(Nmm) 32.30 + 1.23 38.24 + 2.75* 

Failure Moment           
(Nmm) 31.80 + 1.36 37.01 + 2.78* 

Yield Moment           
(Nmm) 28.78 + 1.41 31.49 + 2.70 

Stiffness                       
(Nmm2) 1222 + 74.1 1209 + 124.4 

Yield Displacement 
(mm/mm2) 0.0299 + 0.0016 0.0542 + 0.0145 

Failure Displacement 
(mm/mm2) 0.0348 + 0.0040 0.0360 + 0.0050 

Post Yield Displacement 
(mm/mm2) 0.0042 + 0.0012 0.0020 + 0.0024 

Energy          
(Nmm*mm/mm2) 0.61 + 0.07 0.76 + 0.16 

Energy Post Yield 
(Nmm*mm/mm2) 0.18 + 0.04 0.22 + 0.08 

Table 1. Mechanical properties of strength are increased 12 week old YF mice 
compared to WT mice.  Femurs were placed on the prongs of a materials testing 
machine.  A constant load of 0.05 mm/s was applied to the femurs until bone failure, 
during which displacement and force were collected at (100 Hz).  Values were 
obtained from the graph generated from the displacement and force, as described in 
Methods and Materials. *Peak moment of femurs, YF vs. WT. *Failure moment of 
femurs, YF vs. WT.  Mean + SEM; *p<0.05 vs. WT;  
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These data suggested that in the absence of Cbl-PI3K interaction resulted in 

increased bone and significant structural changes that contribute to the increased 

mechanical strength of the YF bone. 

 

The Abrogation of Cbl-PI3K Interaction Results in Increased            
Cortical and Trabecular Bone 

Although 2-dimensional histomorphomteric analysis (data not shown) 

suggested increased bone volume in the YF mice, we next examined the bone 

microsturcture by 2- and 3-dimensional micro-computed tomography (MicroCT). The 

Three Point Bending Assay applies a load concentrated at the midshaft of the bone, 

directly affecting the cortical bone.  Therefore, with increased strength as 

demonstrated with mechanical testing, we wanted to determine if there were 

changes in the cortical bone of the YF mice.  We generated a 3D and 2D image of 

the cortical bone sections that were assessed by microCT (Figure 13).  This 

represents the size and shape of the cortical bones that were used to quantify the 

parameters of cortical bone.  The parameters that were included were bone area, 

periosteal perimeter, bone marrow area, endosteal perimeter, cortical thickness, and 

moment of inertia (Table 2).  The moment of inertia describes the distribution of the 

cortical bone.  All of the indices were increased in the YF cortical bone compared to 

the WT. 

The 3D reconstruction of the trabecular bone (Figure 14, top and bottom 

panels), is representative of the increased trabecular bone volume seen in the YF 

tibiae, compared to its WT counterparts.  This is reflected quantitatively in Table 3, 

the YF bone volume is increased 65% over the WT.  Furthermore, the bone  
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Figure 13. MicroCT images of cortical bone of the midshaft femur from 12 week 
old WT and YF.  The length of each femur was measured with calipers.  The cortical 
bone analysis started 40% up the distal end of the femur and included 100 sections 
proximal from that point.  This is the region of interest. The top panel represents a 3 
dimensional recreation of the midshaft cortical bone.  The bottom panel represents 
the scanned 2 dimensional section of the cortical bone. 

 

 WT YF 
Bone Area (mm2) 1.50 + 0.09 1.77 + 0.08* 
Perisoteal Perimeter (mm) 4.82 + 0.14 5.18 + 0.12* 
Bone Marrow Area (mm2) 0.677 + 0.030 0.818 + 0.037** 
Endosteal Perimeter (mm) 3.26 + 0.06 3.50 + 0.09* 

Cortical Thickness-2D (mm) 0.180 + 0.006 0.200 + 0.003** 

Moment of Inertia (mm4) 0.313 + 0.041 0.424 + 0.037* 

Table 2. Analysis of cortical bone of the midshaft femur from 12 week old WT 
and YF.  The table represents the parameters of cortical bone obtained through 
microCT analysis. Mean + SEM. *p>0.05 vs WT; **p>0.01 vs. WT. 
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Figure 14. Increased trabecular bone in the proximal tibiae of 12 week old YF 
and WT mice.  MicroCT analysis of trabecular bone, 3D image of proximal tibiae. .  

 

 
WT YF 

Bone Volume/Tissue Volume 
(BV/TV. %) 9.27 + 1.69 14.36 + 1.51* 

Bone Surface/Tissue Volume 
(BS/TV, %) 9.29 + 1.11 11.73 + 0.36* 

Trabecular Thickness         
(Tb. Th., mm) 0.047 + 0.001 0.056 + 0.003* 

Trabecular Number              
(Tb. N., 1/mm) 2.00 + 0.32 2.80 + 0.17* 

Trabecular Separation        
(Tb. Sp., mm) 0.230 + 0.021 0.189 + 0.004* 

Table 3. MicroCT analysis of trabecular bone from 12 week old WT and YF, The 
table represents the parameters of trabcecular bone obtained through microCT 
analysis. Mean + SEM. *p>0.05 vs WT; **p>0.001 vs WT. 
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volume is attributed to the significant increase in the number of trabeculae in YF  

(Table 3).  Taken together, these results suggest that lack of interaction between Cbl 

and PI3K results in increased bone volume.  

 

Numbers of Osteoclasts and Osteoblasts are Increased in the                
Absence of Cbl-PI3K Interaction    

  Osteoclasts 

The bone homeostasis is maintained by the coordinated action of osteoclasts, 

which resorb bone and the osteoblasts that are the primary cell type involved in bone 

formation. Histological analysis of long bones by TRAP (tartrate resistant acid 

phosphatase) staining indicated that the numbers of osteoclasts are significantly 

increased in the YF samples [Adapala et al., 2010]. Interestingly, although the 

numbers of osteoclasts as compared to the WT were higher in YF mice, serum 

levels of C-terminal collagen telopeptide (CTX), a marker for osteoclast activity were 

three fold less than in the control mice (data not shown, [Adapala et al., 2010]). This 

data suggested that in mice the absence of Cbl-PI3K interaction results in increased 

numbers of osteoclasts, which are inefficient in resorbing bone and may be 

contributing in part to the increase in bone volume in the YF mice.  

Osteoblasts 

Histological analysis of the tibiae from with Masson Trichome stain, revealed 

a significant increase in osteoblast number in the YF sections (Figure 15).  Similarly, 

the amount of osteoid (unmineralized bone) was also increased by 63% in YF 

compared to WT (Figure 15B).  In contrast, osteoblast numbers and osteoid volume 
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were not reported to be altered in the Cbl-/- mice [Chiusaroli et al., 2003]. These 

observations suggest that Cbl-PI3K interaction is also important in osteoblast 

function and the aberrant functioning of YF osteoblasts could also contribute to the 

observed increased in bone volume.  

 

Dynamic Bone Formation is Augmented in the YF Mice 

Characterization of the YF bones indicated that the static parameters of bone 

formation including bone volume, osteiod thickness numbers of osteoblasts were 

increased. We next examined if the dynamic parameters of bone formation including 

bone formation rate and mineral apposition rate by flurochrome labeling of the bones 

as previously described [Sabatakos et al., 1998] (Figure 16A). Histomorphometric 

analysis of calcein labeled sections indicated that bone formation rate, mineralizing 

surface and mineral apposition rate were significantly increased in the in the YF 

samples (Figure 16B,C,D). Taken together, the above results indicate that in the 

absence of Cbl-PI3K interaction increased bone volume in mice is not only due to 

the decreased osteoclast-mediated bone resorption but also because of increased 

bone formation by osteoblasts.  
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Figure 15. Histological analysis of WT and YF proximal tibiae.  For static 
analysis of bone formation parameters, tibiaes were cut in coronal sections. (A) 
Tibiae sections from 12 week old WT and YF, stained with Masson’s Trichrome (40x 
mag). (B) Quantification of osteoid/BS, (C) Number of osteoblasts/bone surface. 
Mean + SEM; *p<0.05 vs. WT. 
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Figure 16. Bone formation is increased in YF mice.  Dynamic parameters of bone 
formation were assessed using tibiaes harvested from 12 week old WT and YF that 
were injected with calcein day 10 and day 3 before euthanasia. A) Calcein double 
labeling (40x mag) in Cbl+/+ and CblYF/YF trabecular bone. B) Mineralized 
surface/bone surface (%), C) mineral apposition rate (µm2/day), and D) bone 
formation rate/bone surface (µm2/ µm /day). Bioquant Osteo II program was used to 
collect data. Mean + SEM; *p<0.05 vs. WT. 
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Osteoblast Differentiation and Maturation are in Unaffected in the Absence of 

Cbl-PI3K Interaction 
 

Under osteogenic culture conditions using ascorbic acid and β-

glycerophosphate, the process of osteoblast differentiation is comprised of three well  

characterized and distinct developmental stages that involve expression of cell cycle 

growth and regulatory genes that support proliferation which proceeds until the cells 

reach confluence (5-7 days), followed by the synthesis of the extracellular matrix 

resulting in maturation (12-14 days) and finally mineralization of the extracellular 

matrix indicating differentiation (21-28 days) [Lian et al., 1999]. Progression of 

osteoblast differentiation and maturation is evaluated by Alkaline phosphatase and 

Alizarin red staining respectively. Each stage of differentiation is also characterized 

by the expression of specific proteins including Runx2, Collagen type1 and Bone 

sialoprotien [Lian et al., 1999].  

Staining of the Osteoblast Cultures 

To assess the ability of the osteoblasts to differentiate in vitro, calvarial 

osteoblasts from mice were treated with osteogenic media. After 14 days in culture, 

cells were fixed or harvested to analyze the alkaline phosphatase staining.  Similar 

staining was observed in WT and YF cultures (Figure 17A).  Similarly, alkaline 

phosphatase activity was also comparable between control and the YF samples 

(Figure 17B). We continued the assessment of maturation of the osteoblasts for 21 

days. Alizarin red staining of cultures which stains calcium deposits indicated no 

significant differences between control and the YF cultures (Figure 18A,B) Taken 

together, these data suggests that ex vivo differentiation of the osteoblasts from YF 

mice is not compromised. 
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Figure 17.  Both WT and YF osteoblast express similar levels of ALP activity in 
vitro. WT and YF primary osteoblasts were differentiated in osteogenic media for 14 
days.  Every third day the osteogenic media was changed.  (A) Osteoblasts stained 
for ALP activity (10x mag) and (B) ALP activity assay was performed. Mean + SEM. 
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Figure 18. YF osteoblasts show similar levels of calcium deposition as the WT 
osteoblasts in vitro. WT and YF primary osteoblasts were differentiated in 
osteogenic media for 21 days. Every third day the osteogenic media was changed.  
(A) Osteoblasts stained with Alizarin Red S for calcium deposition (10x mag).  (B) 
The Alizarin Red S stain was released from the cell matrix, and quantified. Alizarin 
Red S was using a colormetric assay for calcium deposition. Mean + SEM. 
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Analysis of Osteoblast Differentiation Markers 

In addition to the histochemical analysis described above, the expression 

profile of osteoblast markers of differentiation was also analyzed by semi-

quantitative PCR. As shown in Figure 19 levels of Runx-2, collagen type-1, Bone 

sialoprotein, (BSP) were comparable between the control and YF samples. The 

above results indicated that in ex vivo culture system in the absence of Cbl-PI3K 

interaction there is no cell autonomous defect in osteoblast function.  

 

Lack of Cbl-PI3K Interaction Does Not Affect Osteoblast Survival 

 In several cell types, including osteoblasts, PI3K-mediated signaling is known 

to promote cell survival.  Work on osteoclasts from YF demonstrated increased 

osteoclast survival probably contributing to increased numbers in vivo [Adapala, et 

al. 2010].  We next examined if the lack of Cbl-PI3K interaction affects osteoblast 

survival. Control WT and YF osteoblasts were grown to confluence and then serum 

starved for 72 hrs. MTT assay to examine the number of cells surviving serum 

starvation indicated that there was no significant difference in survival between the 

WT and YF osteoblasts (Figure 20). To confirm, if, the lack of Cbl-PI3K interaction 

has no effect on osteoblast survival we also examined the effect of decreasing PI3K 

activity using LY294002, a specific inhibitor of PI3K. As indicated in Figure 21, 

similar numbers of TUNEL positive cells were present in control and inhibitor treated 

WT and YF osteoblasts. These data suggests that the lack of Cbl-PI3K interaction 

has no effect on osteoblast survival. This is in contrast to YF osteoclasts whose 

numbers in mice is increased due enhanced survival [Adapala et al., 2010].  
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Figure 19.  Mutating Cbl does not affect the transcriptional expression of 
osteoblast differentiation markers. Osteoblasts were differentiated for 14 or 21 
days using osteogenic media (containing AA/βGP).  The osteoblasts were harvested 
on their respective days.  Semi-quantative PCR was performed to assess relative 
expression levels of Col1A, BSP, Runx2 and GAPDH.    
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Figure 20. YF osteoblast survival is not affected by CblY737F mutation.           
A)  WT and YF primary osteoblasts were grown for 24 hrs in complete media.  The 
complete media was then removed and the osteoblasts were treated with serum free 
media for 72 hrs to induce apoptosis.  The cells were then assessed for survival.  
MTT assay was used to quantify cell viability of the WT and YF osteoblasts after 
serum starvation.  The graph represents the percent cell survival.  Mean + SEM; 
*p<0.05 vs. WT 
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Figure 21. YF and WT osteoblast survival is similarly decreased by the 
LY294002 inhibitor.  A) WT and YF primary osteoblasts were grown for 24 hrs in 
complete media.  The complete media was then removed and the osteoblasts were 
treated with serum free media or LY294002 (50µM) for 72 hrs to induce apoptosis.  
The cells were then assessed for survival.  TUNEL assay was performed to identify 
apoptotic cells.  The blue represents the nuclear DAPI stain, and the green 
represents the TUNEL stain.  Yellow arrows indicate apoptotic nuclei costaining with 
DAPI and TUNEL.  B)  Cells that co-stained positive for DAPI and TUNEL, were 
quantified.  The graph represents the percentage of TUNEL positive cells.  Mean + 
SEM; *p<0.05 vs. WT. 
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Osteoblast Proliferation is Upregulated in the Absence of Cbl-PI3K Interaction 

The histological analysis of the long bones indicated that in the absence of 

Cbl-PI3K interaction there is a two-fold increase in the numbers of osteoblasts 

(Figure 22 and 24). This data suggest that in absence of Cbl-PI3K interaction there 

might be increased potential for the bone marrow precursors to differentiate into 

osteoblasts and/or the osteoblasts have augmented proliferation capacity. We 

investigated both the possibilities by the following approaches. 

Colony Forming Unit Assay 

Trabecular and endocortical bone formation are directly correlated with the 

number of marrow-derived osteoprogenitors. To determine if the numbers of the 

progenitors are affected in the YF mice, the numbers of CFU were counted. The total 

numbers of marrow cells were comparable between the WT and YF mice (Figure 

22A). However there was significant increase in the Giemsa stained CFUs for the YF 

samples (Figure 22B,C). Additionally, ALP staining reflected an increase in the 

numbers of the ALP-positive CFU in the YF samples (Figure 23A,B).  

Osteoblast proliferation 

Next we examined the proliferation rate of cells in ex vivo cultures. For these 

experiments calvarial osteoblasts or bone marrow stromal cells were grown to 

confluence in absence or presence of 10% serum for 72 hrs. As indicated in Figure 

24, as compared to the WT cells, both the BMSC and the calvarial osteoblasts 

derived from the YF mice showed increased proliferation in the presence of 10% 

serum. 
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Figure 22. YF BMSC proliferate more than the WT BMSC.  (A) BMSC from WT 
and YF mice were harvested and counted.  The graph above represents the number 
of cells harvested per mouse.  Cells were seeded in 6cm dishes in complete media.  
(B) The cells were incubated for 20 days, then fixed and stained with Giemsa stain. 
(C) Colonies were counted if they consisted of 20 or more cells.  The graph is 
representative of the number of colonies that were counted per 6 cm dish.  Mean + 
SEM. **p>0.01 vs WT. 
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Figure 23. YF ALP+ BMSC proliferation more than the WT ALP+ BMSC.  BMSC 
from WT and YF mice were seeded in 6cm dishes in complete media.  (A) Cells 
were also stained with ALP stain to identify osteoblast-like colonies within the plates.  
(B) The ALP+ colonies were quantified.  The graph is representative of the number of 
ALP+ colonies counted per 6 cm dish. Mean + SEM. *p>0.05 vs WT. 
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Treatment with Growth Factors 

Cbl proteins are known to participate in signaling events promoted by growth 

factors including EGF, PDGF, IGF and FGF [Bowtell and Langdon, 1995; Dufour et 

al., 2008; Galisteo et al., 1995; Kim et al., 2007; Miyake et al., 1999; Molero et al., 

2004]. Both human and mouse osteoblasts express the receptors for these growth 

factors. Therefore we next examined if increased proliferation of osteoblasts in the 

presence of FBS is also sustained upon stimulation with the above growth factors. 

For these experiments confluent WT and YF calvarial osteoblasts were serum 

starved (to deplete the presence of growth factors) and then treated with various 

growth factors for 72hrs. MTT-based proliferation analysis revealed no significant 

differences between the proliferation rates of either WT or YF cells treated with 

growth factors (Figure 25A). Similarly no appreciable difference was observed in the 

phosphorylation of the P85 subunit of PI3K or its downstream target AKT (Figure 

25B).  Cumulatively these data suggested that lack of Cbl-PI3K interaction does not 

influence growth factor-mediated cell proliferation.  

Influence of Osteoclast Dervied Medium on Osteoblast Proliferation 

Recently it has been demonstrated that in addition to its resorptive activity 

osteoclasts secrete factors that can promote bone anabolic activity. Given that the 

YF mice harbored increased numbers of osteoblasts and osteoclasts (Figure 15 and 

data not shown) we next examined the possibility if osteoclast-dependent secretory 

factors may support osteoblast proliferation. For these experiments conditioned 

medium from WT and YF osteoclasts cultured on tissue culture plastic were 

generated. MC3T3-E1 cells (a well established mouse preosteoblastic cell line) were  
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Figure 24. YF osteoblasts proliferation more than the WT osteoblasts.  Primary 
osteoblasts from WT and YF calvarial were seeded in a 96 well plate in complete 
media.  The cells were incubated for 72 hours.  Osteoblasts were then assessed for 
proliferation using CyQuant proliferation assay.  The plates were then read with a 
fluorescence reader.  The graph represents the percentage of cell proliferation.  
Mean + SEM;  **p<0.01 vs WT. 
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Figure 25. CblY737F mutation does not affect growth factor induced 
proliferation or phosphorylation of AKT.  WT and YF primary osteoblasts were 
grown for 24 hrs in complete media.  The cells were then serum starved for 24 hrs.  
Osteoblasts were then treated with 100ng/mL of each growth factor for 5 minutes.  
Western blotting technique was used to determine the Cbl protein levels, 
phosphorylated p85 subunit levels, and phosphorylated AKT levels in response to 
growth factor stimulation for both WT and YF osteoblasts.  Levels of phosphorylated 
proteins were similar between the WT and YF osteoblasts in response to treatment 
with different growth factors. Mean + SEM. 
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treated with 10% FBS, no serum, WT osteoclast-conditioned medium, or YF 

osteoclast-conditioned media . Cell proliferation was measured 72 hrs after the 

cultures.  As compared to no serum treatment, the proliferation rate of MC3T3-E1 

cells was similar whether cells were treated with 10% FBS, WT osteoclast 

conditioned medium or YF osteoclast conditioned medium.  This suggests that under 

these experimental conditions, the factors which are secreted by YF osteoclast may 

not be contributing to the enhanced osteoblast proliferation (Figure 26).    

 

Influence of Bone Marrow Derived Conditioned Medium on Osteoblast 
Proliferation 

 
The bone marrow niche contains a variety of cell types in various stages of 

maturation/differentiation.  Many of these cell types secrete factors that can effect 

osteoblast proliferation.  Given that the conditioned media from the YF osteoclasts 

did not increase proliferation of the MC3T3-E1 cells, we wanted to determine if there 

were other contributing factor(s) secreted by resident bone marrow cells that could 

influence osteoblast proliferation.  For this experiment, the bone marrow from WT 

and YF mice were harvested and cultured in the presence of 10% FBS containing 

medium for 5 days.  The resulting supernatant was used as the bone marrow 

conditioned media.  MC3T3-E1 cells were grown in complete media (10% FBS), no 

serum or treated with bone marrow conditioned media.  After 72 hrs of treatment, 

cell proliferation was quantified.  Treatment with the YF bone marrow conditioned 

media resulted in increased proliferation of MC3T3-E1 cells (Figure 27). 
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Figure 26. YF osteoclast conditioned media does not affect proliferation of 
MC3T3-E1 cells more than WT osteoclast conditioned media.  WT and YF 

osteoclast supernatant was harvested and pooled throughout the course of 
osteoclast differentiation.  The MC3T3-E1 cells were plated in 96 well plates.  The 
cells were grown overnight in complete media.  MC3T3-E1 cells were then treated 
with serum free media, complete media, WT osteoclast conditioned media or YF 

osteoclast conditioned media for 72 hrs.  MC3T3-E1 cells were then assessed for 
proliferation using CyQuant proliferation assay.  The plates were read with a 
fluorescence reader.  The graph represents the percentage of cell proliferation 
compared to 10% FBS control.  Mean + SEM *p<0.05 vs WT. 
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Figure 27.  YF bone marrow conditioned media increases proliferation of 
MC3T3-E1 cells.  WT and YF  bone marrow was harvested and plated in 6 cm 
dishes with equal number of cells.   Cells were incubated for 5 days until the 
remaining supernatant (termed conditioned media) was harvested for use in 
treatment of MC3T3-E1 cells.  The MC3T3-E1 cells were plated in 96 well plates.  
The cells were grown overnight in complete media.  MC3T3-E1 cells were then 
treated with serum free media, complete media, WT bone marrow conditioned media 
or YF bone marrow conditioned media for 72 hrs.  MC3T3-E1 cells were then 
assessed for proliferation using CyQuant proliferation assay.  The plates were read 
with a fluorescence reader.  The graph represents the percentage of cell proliferation 
compared to 10% FBS control. Mean + SEM *p<0.05 vs WT. 
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Analysis of the Bone Marrow Derived Conditioned Medium 

The treatment of MC3T3-E1 cells with YF bone marrow derived media 

caused increased proliferation.  Therefore, we wanted to determine which factor(s)  

present in the YF bone marrow derived media might contribute to the increased 

proliferation.  Since we had previously determined that stimulation with growth 

factors was not responsible (Figure 25), we decided to examine the levels of 

cytokines, another influential group of factors that promote cell proliferation.  The 

conditioned media from both WT and YF bone marrow were tested to quantify the 

expression levels of various cytokines that were known to influence osteoblast 

proliferation.  Of the cytokines available to test, we examined IL-1β, IL-18, MCP-1, 

RANTES, TGF-1β, and SDF-1 (Table 4).  The experiments were repeated twice, and 

of the factors tested only SDF-1 was significantly increased in the YF conditioned 

media (Figure 28). 

Taken together, these data suggest that osteoblast proliferation is increased 

at least in part due to increased SDF-1 present in the bone marrow derived 

conditioned media. Our results do not eliminate the possibility that other factors may 

also contribute to the increased osteoblast proliferation.  Although SDF-1 is likely to 

be an autocrine and paracrine factor for osteoblasts, the mechanism with which 

SDF-1 signals in osteoblasts has not been investigated.  However, it has been 

shown that SDF-1 activates the Cbl-PI3K interaction in different cell types including 

T cells. 
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WT YF 

 (pg of cytokine/µg of protein) (pg of cytokine/µg of protein) 

IL-1β 0.0037 + 0.0005 0.0039 + 0.0005 

IL-18 0.020 + 0.007 0.020 + 0.005 

MCP-1 1.48 + 0.80 1.11 + 0.83 

RANTES 0.0136 + 0.0091 0.0085 + 0.0021 

TGF- β1 4.44 + 0.70 4.71 + 1.54 

 Table 4. WT and YF bone marrow conditioned media express similar levels of 
IL-1β, IL-18, MCP-1, RANTES and TGFβ.    The table represents the levels of 
expression for each factor tested. using an ELISA based assay.  The concentration 
of each factor was normalized to the total amount of protein present in the 
conditioned media for each sample. Mean + SEM. 

  

                             
Figure 28.YF bone marrow conditioned media expresses higher levels of SDF-
1 compared to WT bone marrow conditioned media.  Bone marrow conditioned 
media from WT and YF was tested for levels of SDF-1 using an ELISA based assay.  
The concentration of SDF-1 was normalized to the total amount of protein present in 
the conditioned media for each sample. Mean + SEM *p<0.05 vs WT. 
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CHAPTER 4 

DISCUSSION 

 
 

Bone remodeling is a continuous process in which old bone is resorbed and 

is replaced by the new bone (Figure 2).  A shift in the balance of bone resorption and 

bone formation leads to pathologies, such as osteoporosis, characterized by low 

bone mineral density (BMD) or osteopetrosis, characterized by high BMD 

[Teitelbaum and Ross, 2003].  The mechanisms by which bone formation is coupled 

to bone resorption in the process of remodeling is the object of intensive 

investigation but the precise molecular mechanism(s) that control bone remodeling 

remains poorly understood [Andersen et al., 2009; Martin and Sims, 2005; Matsuo 

and Irie, 2008].  

Previously, examination of the role of Cbl proteins that function as E3 

ubiquitin ligase and adaptor molecule in bone remodeling has shown that adult c-Cbl 

knockout mice [Chiusaroli et al., 2003] did not have any overt skeletal phenotype 

although osteoclasts had a slight defect in migration. Absence of Cbl-b, another 

family member of the Cbl family (Figure 5) resulted in decreased bone volume 

[Nakajima et al., 2009]. These finding suggested that Cbl and Cbl-b have distinct 

effects on cells regulating bone mass function where Cbl-b negatively regulates 

bone resorption while Cbl may be a positive modulator of osteoclast migration.  A 

number of other studies have also revealed opposing effects of Cbl proteins in other 

hematopoietic cells.  Interestingly, the absence of either family member did not 

overtly affect the osteoblasts suggesting that the two proteins could compensate for 

the absence of the other in mice [Qu et al., 2004; Yasuda et al., 2000; Zhang et al., 

2002].  
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One of the important reasons for differences in the phenotypes and the mode 

of action of Cbl proteins is the significant differences in the C-terminal halves of the 

two proteins indicating that alternative modes of interactions with some signaling 

molecules. One such important difference is the presence of Y737 on Cbl, which 

binds to PI3K. This motif is not present in Cbl-b. The absence of this motif in Cbl-b 

highlights a potential divergence in the role and mode of action of these two highly 

similar regulatory proteins.  

Studies on osteoblast cell lines has established that PI3K plays an important 

role in osteoblast function [Debiais et al., 2004; Ghosh-Choudhury et al., 2002; Lai 

and Cheng, 2002; Liu et al., 2007; Stains and Civitelli, 2005]. Also, recent data 

generated from human osteoblast cells which have defective FGFR functioning also 

suggests that Cbl plays a negative role in the regulation of osteoblast differentiation 

[Kaabeche et al., 2005; Kaabeche et al., 2004].  The availability of the knock-in mice 

in which the Cbl-PI3K interaction is abolished provided an opportunity to investigate 

the role of this interaction in skeletal remodeling.  Our objective was to understand if 

this interaction plays a direct role in osteoblast proliferation or function.   

 Our analysis showed that in contrast to the CblKO mice, YF mice in which 

Cbl-PI3K interaction is interrupted had increased bone volume.  The increased bone 

density visualized by X-ray (Figure 11A) was confirmed by MicroCT (Table 3) and 

histomorphmetric analysis (Figure 11B and data not shown). MicroCT analysis of the 

trabecular bone (Figure 14) shows that the increased density visualized by the X-ray 

is attributed to increased trabecular bone, while the cortical bone (Figure 15) shows 

that increased density is due to increased cortical bone area.  The cortical bone data 

also support the mechanical data.  The three point bending assay (Table 1), which 
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requires applying a load directly to the midshaft of the bone until it breaks, revealed 

YF mice to have stronger femurs.  This suggests that although there is uncoupling 

between the osteoclasts and osteoblasts, the resultant bone appears to be of good 

quality.  Histological analysis of bones the YF mice indicated that as compared to the 

control mice, although there was an increase in osteoclast numbers, there was a 

decrease in osteoclast activity (Adapala et al., 2010 and data not shown).  We also 

observed increased osteoblast numbers (Figure 14C), bone formation rate, 

mineralizing surface and mineral apposition rate (Figure 16). These observations 

suggest that Cbl-PI3K interaction is important for both osteoblast and osteoclast 

function and that aberrant functioning of both or either cell type could also contribute 

to the observed increased in bone volume and increased bone strength.  In this 

report we specifically examined the role of YF osteoblasts in contributing to 

increased bone volume. We also examined if the defect is in the mutant osteoblasts 

themselves or their properties are altered by other factors including osteoclasts.  

 In ex vivo systems the process of osteoblast differentiation that undergoes 

different stages of osteogenesis has been well established. The ex vivo 

differentiation of the YF osteoblasts (Figure 17 and 18) and expression levels of 

osteoblast differentiation markers were unaffected by the abrogation of the Cbl-PI3K 

interaction (Figure 19) suggesting the Cbl-PI3K interaction is not required for the 

osteoblast differentiation and maturation.   

 Given that in vivo the numbers of osteoblasts were increased, we examined 

the possibility that cell survival might contribute to increase numbers. However, no 

difference was seen in the survival rates of osteoblasts (Figure 20 and 21) although 

the absence of this interaction increased osteoclast survival both in vivo as well in 



84 
 

vitro (data not shown). These data suggest that Cbl-PI3K interaction influences the 

survival of the two cell types in differential manner.  These results suggested that 

Cbl-PI3K interaction has little or no role in signaling process that mediate osteoblast 

differentiation or maturation. 

 In fibroblast cells Cbl and PI3K are known to promote cell proliferation.  We 

also examined the proliferative capacity of the YF osteoblasts and found that in ex 

vivo cultures in presence of 10% serum there was increased proliferation (Figure 22 

and 24). However, in absence of serum there were no differences in WT and YF 

proliferation suggesting the increased proliferation of YF osteoblasts is not due a cell 

autonomous defect but in response to factors that may be present in serum. We also 

examined the effect of growth factors that are traditionally known to affect osteoblast 

proliferation and found comparable proliferation for the WT and YF osteoblasts 

treated with these factors (Figure 25).  Cumulatively these data suggested that the 

observed increase in osteoblast numbers in vivo might be due to a secondary effect 

rather than an autonomous defect in survival or proliferation of the YF osteoblast per 

se.  It also suggested a localized effect mediated by growth factors/cytokines 

influenced by cell type(s) might result in proliferation of osteoblast cells. 

Osteoclast activity has been regarded as restricted to bone resorption; 

however, recent studies suggested that osteoclasts might release anabolic signals, 

which are not linked to their resorption activity [Karsdal et al., 2008]. Recent work 

has supported the hypothesis that osteoclast influence of osteoblast differentiation is 

independent of its resorptive capabilities. Patients with osteopetrosis caused by 

reduced osteoclastic resorption due to defective acidification of the resorption 

lacunae as seen in mutations in either the osteoclast α3 H+ V-ATPase or in the 
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chloride channel ClC-7, leading to autosomal recessive osteopetrosis (ARO), or 

autosomal dominant osteopetrosis type II (ADOII) [Kornak et al., 2001; Li et al., 

1999, Kornak, 2001 #1177], have very low or absent resorption, despite unaltered or 

even increased bone formation levels, which indicates a shift in the balance between 

bone resorption and bone formation. These patients have increased numbers of 

non-resorbing osteoclasts [Bollerslev et al., 1993; Taranta et al., 2003], which arise 

through increased survival of the osteoclasts [Karsdal et al., 2005].  Interestingly, the 

number of osteoclasts correlates with the number of bone forming osteoblasts 

[Alatalo et al., 2004; Del Fattore et al., 2006], which suggest that the increase in 

osteoclast number, and not activity, results in increased bone formation a situation 

reminiscent of several osteopetrotic mouse models including YF mice. 

 The increased bone volume, increased numbers of non-resorbing osteoclasts 

and osteoblasts are indicative of osteopetrotic phenotype in the YF mice. In several 

osteopetrotic mouse models where bone resorption is compromised due to absence 

of osteoclast (c-Fos-/-) [Wang et al., 1992; Wang et al., 1995] or due to impaired 

osteoclast function (e.g. Src-/- [Soriano et al., 1991] and Pyk2-/- [Gil-Henn et al., 

2007]).  In Src-/- mice, bone formation is also impaired due to a cell autonomous 

defect in osteoblast activity [Amling et al., 2000; Buckbinder et al., 2007; Marzia et 

al., 2000; Wang et al., 1992]. In other examples of osteoclast rich osteopetrosis that 

mutations that are specific for osteoclasts function like ClC-7 knockout [Kornak et al., 

2001] and v-ATPase knockout, [Kornak et al., 2000, Lee, 2006 #1571; Lee et al., 

2006] which render the osteoclast incapable of degrading the bone matrix can 

indirectly increase the number of osteoblasts resulting in a osteopetrotic phenotype 

due to uncoupling.  Therefore, it is possible that the osteopetrotic phenotype that is 
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occurring in the YF mice is due primarily to the increased number of inactive 

osteoclasts and secondarily to bone formation, probably mediated by soluble factors. 

Therefore we investigated the possibility of soluble factor(s) from YF 

osteoclasts affecting osteoblast proliferation. Our results indicated that the 

proliferation of MC3T3-E1 cells was not significantly affected when cells were grown 

in the conditioned medium generated from the YF osteoclasts (Figure 26). The lack 

of MC3T3-E1 cell proliferation in response to conditioned medium from YF 

osteoclast cultures could be due to several possibilities. First, the factor(s) secreted 

may be not in sufficient quantity to influence proliferation. Second, in addition to a 

soluble factor, the cell- cell contact between osteoclast and osteoblasts may be 

required for the desired effect on osteoblast proliferation. For example, it well 

established that direct contact between osteoblast and bone marrow hematopoietic 

precursors is prerequisite for the generation of mature osteoclasts.  This due to the 

interaction of the membrane bound RANKL on the osteoblasts with RANK the 

receptors on osteoclasts [Teitelbaum and Ross, 2003].  Furthermore, recent studies 

have indicated that interaction mediated between the transmembrane ephrinB2 

ligand present on osteoclasts mediates anabolic signals via the ephB4 receptor 

present on the osteoblasts [Zhao et al., 2006]. Another possibility for the lack of 

proliferation in the MC3T3-E1 cells is that in vivo, a putative bone marrow derived 

factor may be released from the bone matrix to promote osteoblast proliferation. 

However, this is unlikely since the YF are hypoactive. Given these scenarios the 

possibility exists that there may yet be an osteoclast specific factor that promotes 

enhanced proliferation of the YF osteoblasts however, more studies are needed to 

explore this issue further.  
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The bone marrow contains several different types of cells and variety of 

growth factors and cytokines secreted by these cells could influence the properties 

of cells residing in the marrow space. To examine the role of soluble bone marrow 

cell derived factors we generated conditioned media by culturing bone marrow cells. 

Our results show that there was a significant increase in the rate of proliferation of 

MC3T3-E1 cells cultured in YF conditioned media compared to WT conditioned 

media (Figure 27).  These data indicated that there might be factors present in the 

bone marrow derived conditioned medium that could potentially increase osteoblast 

proliferation. As indicated in Table 4 levels of several growth factors and cytokines 

that are known to promote osteoblast proliferation were comparable between WT 

and YF samples. Of the tested cytokines, increased expression of SDF-1 (stromal 

cell-derived factor-1) was identified in the YF conditioned media compared to the WT 

conditioned media.   

SDF-1 is small cytokine belonging to the chemokine family that is also known 

as Chemokine ligand 12 (CXCL12). Chemokines are small pro-inflammatory 

chemoattractant cytokines that bind to specific G-protein-coupled seven-span 

transmembrane receptors, and are major regulators of cell trafficking and adhesion. 

SDF-1 binds primarily to CXC receptor 4 (CXCR4; CD184). The binding of CXCL12 

to CXCR4 induces intracellular signaling through several divergent pathways 

initiating signals related to chemotaxis, cell survival and/or proliferation, increase in 

intracellular calcium, and gene transcription. SDF-1 is produced in bone by bone 

marrow stromal cells, where it has a physiological role in establishing normal 

hematopoietic bone marrow colonization during development [Nagasawa et al., 

1996] SDF-1 has also been implicated as a regulator of bone resorption [Wright et 

al., 2005]. In addition to its effect on hematopoietic precursor cells, recent reports 
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indicate that SDF-1 also regulates bone morphogenetic protein 2 (BMP-2) -induced 

osteogenic differentiation of primary mesenchymal stem cells [Hosogane et al.]. 

Although we have not measured directly the levels of SDF-1 in YF mice it is likely 

that increased SDF-1 in YF bone marrow environment promotes osteoblast 

proliferation and also influences osteoclast differentiation therefore further studies 

are needed to analyze the effect of SDF-1 YF bone marrow cells proliferation, 

attachment and migration. 

 The role of PI3K in chemokine signaling in general and for SDF-1 in particular 

has been established in the cells T cells.  It has been demonstrated that treatment of 

T cells with SDF-1 promotes transient accumulation of PIP3, which results rapid cell 

migration [Sotsios et al., 1999]. SDF-1 induced chemotaxis of a T cell line involves 

intracellular signaling through Cbl and Cbl-b and their regulation by Src kinases and 

CD45 [Okabe et al., 2006]. More in depth studies are needed to investigate the role 

of SDF-1 on Cbl-PI3K mediated signaling.  

In conclusion, our studies establish that abrogation of the Cbl-PI3K interaction 

results in increased bone volume which is primarily due to defective osteoclast 

function. Our data also suggest that the increased numbers of osteoblasts in vivo 

and increased proliferation of osteoblasts is due to a secondary effect probably 

mediated by factors within the marrow cavity, such as SDF-1. 
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