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ABSTRACT

Connective Tissue Growth Factor (CTGF) is a matricellular protein that has been
shown to mediate cell adhesion, and as a consequence, it regulates cell proliferation,
migration, differentiation and gene transcription. Although previous in vivo and in vitro
studies supported the anabolic role of CTGF in skeletogenesis, to date mechanisms of this
effect remain unknown. So far, no specific receptor has been identified for CTGF,
although previous studies have shown that integrins can serve as functional signaling
receptors for CTGF. The CTGF-integrin interaction initiates intracellular signaling
cascades that ultimately regulate cell cytoskeleton reorganization, gene transcription and
cell function. To study the effect of CTGF on osteoblasts, we first conducted adhesion
assays using the MC3T3-E1 osteoblastic cell line. We confirmed that osteoblasts adhere
to rCTGF in a concentration-dependent manner and we showed this adhesion has
characteristics of integrin mediated adhesions. Next, we used an array of blocking
antibodies directed against the individual  and  integrin subunits that are known to be
expressed in osteoblasts. Significant decreases in cell adhesion were observed upon
treatment with anti-v or anti-1 blocking antibodies. Subsequent coimmunoprecipitation
analyses demonstrated that CTGF interacts with v and 1 integrins in osteoblasts.
Furthermore, we showed that the specificity of this CTGF-integrin interaction occurs in
the C-terminal domain (fourth module) of CTGF. The immunefluorescence staining of
cells cultured on substrates of rCTGF, fibronectin (positive control) or BSA (negative
control) demonstrated that osteoblast adhesion to rCTGF results in actin cytoskeleton
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reorganization, focal adhesion formation, enhanced cell spreading and Rac activation.
These series of events are necessary for proper cell-matrix interaction and integrins’
downstream signaling initiation. Next, through alkaline phosphatase (ALP) staining and
activity assays, as well as Alizarin red staining, we demonstrated that osteoblast
attachment to CTGF matrix enhances cell maturation, bone nodule formation and matrix
mineralization. To investigate whether the effect of CTGF on osteoblast differentiation
involves activation of specific signaling molecules, we performed Western blot and
chromatin immunoprecipitation (ChIP) assays. Osteoblasts cultured on rCTGF expressed
higher levels of both total and phosphorylated forms of focal adhesion kinase (FAK) and
extracellular signal-regulated kinase (ERK) compared to the cells cultured on BSA. In
addition, these osteoblasts showed an increase in runt-related transcription factor 2
(Runx2) binding to the osteocalcin gene promoter compared to the negative control.
These experiments confirmed CTGF’s effect on enhancing osteoblast differentiation
through regulation of important signaling molecules. In another series of experiments, we
used primary osteoblasts isolated from CTGF KO mice, their WT littermates, or WT cells
infected to overexpress (OE) CTGF to study the effect of different levels of endogenous
CTGF on osteoblast cytoskeleton reorganization and motility. Our assays showed
enhanced cell adhesion, spreading and Rac expression in CTGF OE osteoblasts, while in
CTGF KO osteoblasts, cell adhesion, spreading and Rac expression were significantly
decreased. In contrast, CTGF OE osteoblasts that showed high adhesion and spreading,
exhibited diminished cell motility and low levels of RhoA expression, while KO cells
migrated quickly and expressed high levels of RhoA. Together, these experiments
establish CTGF as an adhesion protein for osteoblasts; they demonstrate that the v1
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integrin is a functional signaling receptor for CTGF; they confirm that osteoblast
differentiation is enhanced when cultured on CTGF matrix through activation of
regulatory signaling molecules; and finally, these experiments establish a role for CTGF
in the regulation of small RhoGTPases expression, which in turn implies a significant
role for CTGF in cell cytoskeleton reorganization and motility.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Connective Tissue Growth Factor
Connective tissue growth factor (CTGF) is a member of the CCN family of
proteins. This family consists of six members of cysteine-rich proteins (CCN1 to CCN6)
with a similar multi-modular structure consisting of four conserved modules, except
CCN5 which lacks the fourth module (Leask and Abraham, 2006).
CTGF is a 38kDa protein with 349 amino acids originally identified in the
conditioned media of human umbilical vein endothelial cells (Bradham et al., 1991). The
CTGF gene consists of five exons and four introns. The first exon codes for a signaling
peptide (for secretion) and the other four exons each code for one of the four modules
(De Winter et al., 2008). The first module of CTGF is an insulin like growth factor
(IGF)-binding domain, the second module is a von Willebrand type C (VWC) domain,
the third module is a thrombospondin-1 (TSP-1) domain, and the fourth module is a Cterminal (CT) domain ( De Winter et al., 2008)(Figure 1.1). CTGF belongs to a group of
proteins termed matricellular proteins (Bornstein et al., 2002) because these proteins are
secreted to the extracellular matrix (ECM), where they serve as cell adhesion proteins and
also interact with cell surface receptors, growth factors, proteases, and ECM proteins to
modulate their activities. Studies demonstrated that secreted CTGF interacts with cell
surface receptors (e.g.integrins), growth factors (e.g. transforming growth factor 
(TGF-), proteases (e.g. matrix metalloproteinases (MMPs), and ECM proteins (e.g.
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fibronectin), via its different modules, thereby mediating the activity of these proteins
(Hoshijima et al., 2006; Gao and Brigstock, 2004; Abreu et al, 2002) (Figure 1.1). The
multi-modular structure of CTGF and interaction of its modules with various proteins
enables CTGF to regulate a variety of cellular functions including cell adhesion,
proliferation, migration, differentiation, survival, and ECM synthesis (De Winter et al.,
2008). It has also been shown that CTGF is involved in more complicated biological
processes such as angiogenesis, chondrogenesis, and osteogenesis. These processes are
necessary for bone formation, and CTGF as a regulator of these processes has an
important role in skeletogenesis (Arnott et al., 2011) (Figure 1.1).
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Figure 1.1 CTGF modular structure and function. A) The CTGF transcript contains a
signal peptide (SP) as well as four modules: module I is an insulin-like growth factor
(IGF)-binding domain; module II is a von Willebrand type C domain; module III is a
thrombospondin-1 domain; and module IV is a C-terminal domain containing a putative
cysteine knot. Modules II and III are separated by a variable hinge region susceptible to
enzymatic cleavage. Also shown below each module are molecules known to interact
with this region of the secreted CTGF protein. B) The mosaic structure of these proteins
allows for their involvement in any normal cellular events that contribute to key
physiologic processes necessary for skeletogenesis (Adapted from Arnott et al., 2011).

1.1.1 CTGF and Bone
A role for CTGF in skeletal tissue was first suggested following a study in a rat
osteopetrotic model. Analysis of skeletal gene expression in these animals demonstrated
high overexpression of CTGF compared to their wild-type littermates (Xu et al., 2000).
The study on CTGF knockout mice model confirmed the importance of CTGF in
skeletogenesis (Ivkovic et al., 2003). Embryos of CTGF knockout (KO) mice develop
until birth, but respiratory failure due to abnormalities of the rib cage and pulmonary
hypoplasia results in their death shortly after parturition (Ivkovic et al., 2003; BagumaNibasheka and Kablar, 2008). Skeletal analysis of CTGF KO mice showed multiple
skeletal dysmorphisms (kinked ribs, tibiae, radii and ulnae, and craniofacial
abnormalities) as a result of impaired chondrogenesis and angiogenesis in growth plates
and impaired osteoblast differentiation, matrix production and mineralization (Ivkovic et
al., 2003; Kawaki et al., 2008; Lambi et al., 2012; reviewed by Arnott et al., 2011).
There are two processes involved in bone formation: endochondral and
intramembranous ossification. During endochondral ossification which occurs in axial
3

and appendicular bones, osteochondral progenitors condensate and differentiate into
chondrocytes to form a cartilaginous template for eventual bone (Bilezikian et al., 2002).
In contrast, intramembranous ossification which occurs in flat bones of the skull, the
clavicle, and during periosteal bone formation involves the direct differentiation of
osteochondral progenitors into osteoblasts (Bilezikian et al., 2002). In skeletogenesis,
CTGF is initially expressed during the condensation of mesenchymal cells, which
proceeds the formation of the cartilaginous template of endochondral bones (Goldring et
al., 2006). This process is regulated by signaling pathways that mediate cell-cell and cellmatrix adhesion. TGF-is one of the first signaling molecules expressed during
mesenchymal condensation and stimulates synthesis of fibronectin, which in return
regulates expression of a cell adhesion molecule, N-CAM (neural cell adhesion molecule)
(Goldring et al., 2006). Studies have shown that CTGF acts downstream of TGF- and
induces mesenchymal cell proliferation, migration, and aggregation, and that silencing
CTGF expression impairs these processes (Song et al., 2007). In addition to its role
during mesenchymal cell condensation, CTGF is highly expressed in the growth plate,
periosteum, and osteoblasts of endochondrally forming bones (Ivkovic et al., 2003;
Friedrichsen et al., 2003). In the growth plate, CTGF exhibits moderate expression in the
proliferative zone, with highest levels of expression in the hypertrophic zone where it is
crucial for terminal differentiation of chondrocytes (Ivkovic et al., 2003; Kawaki et al.,
2008). Another study demonstrated that CTGF is expressed in osteoblasts and osteocytes
of alveolar bone adjacent to the periodontal ligament (Yamashiro et al., 2001). Since
physiological tooth movement involves a highly coordinated sequence of bone formation
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and resorption on opposing sides of the tooth during movement in the alveolar socket,
mechanical stimulation of tooth movement leads to increase in CTGF expression in
osteoblasts and osteocytes around the periodontal ligament (Yamashiro et al., 2001). In a
recent study of the CTGF KO mice, site specific effects of CTGF on bone formation were
demonstrated in the appendicular, axial and craniofacial skeleton (Lambi et al., 2012).
This study demonstrated that CTGF ablation has different consequences on bone
formation depending on the skeletal site being examined. Collectively, these studies
demonstrate the importance of CTGF in regulating bone development and metabolism.

1.1.2 CTGF and Osteoblasts
CTGF is produced and secreted by osteoblasts in culture during different stages of
osteoblast differentiation (Safadi et al., 2003). Osteoblasts are derived from
mesenchymal stem cells, which are multipotent cells that can differentiate into
osteoblasts, chondroblasts, adipoblasts, fibroblasts and myoblasts (Bilezikian et al.,
2002). During osteoblast differentiation, mesenchymal stem cells differentiate into
preosteoblastic cells and subsequently into fully functional, matrix-synthesizing
osteoblasts. The commitment of mesenchymal stem cells to the osteoblastic lineage and
its differentiation into osteoblast is regulated by specific transcription factors such as
Runx2 (runt-related transcription factor 2). Runx2 is downstream of the focal adhesion
kinase (FAK)/extracellular signal-regulated kinase (ERK) signaling pathway, (Xiao et al.,
2000) and thereby directs mesenchymal cell differentiation into preosteoblasts and
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inhibits their differentiation into the adipocyte or chondrocyte lineages (Ducy et al.,
1997). In addition, Runx2 induces the expression of genes that are related to major bone
matrix proteins such as collagen type I, fibronectin, osteopontin, bone sialoprotein,
osteocalcin, and MMP-13 (matrix metalloproteinase-13) in the early stages of osteoblast
differentiation (Ducy et al., 1997; Harada et al., 1999; Jimenez et al., 1999;
Thirunavvukkarasu et al., 2000). In addition to Runx2, bone morphogenetic proteins
(BMPs) and canonical Wnt signaling regulate the commitment of mesenchymal stem
cells into the osteoblast lineage. One study demonstrated that CTGF is a potential target
of BMP and Wnt signaling (Luo et al., 2004). This study revealed CTGF is upregulated
in early stages of osteoblast differentiation induced by BMP-9 and Wnt3A, and CTGF
silencing diminishes BMP-9 induced, but not Wnt3A induced osteoblast differentiation.
Therefore, it seems Wnt3A can induce osteogenic differentiation in both CTGFdependent and independent manners. However constitutive expression of CTGF inhibits
both BMP-9 and Wnt3A induced osteogenic differentiation. These results demonstrate
that CTGF plays an important role in early stages of osteoblast differentiation, and tight
regulation of CTGF expression is crucial for osteoblast lineage-specific differentiation of
mesenchymal cells (Luo et al, 2004).
In osteogenic cultures, osteoblast differentiation is subdivided into three stages:
1) proliferation, 2) matrix formation and maturation, and 3) matrix mineralization.
Analysis of CTGF expression during primary osteoblast differentiation demonstrated that
CTGF is highly expressed during proliferative stage, its expression decreases as the
cultures become confluent, and then rise again to maximum levels during matrix
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production and maturation, remaining high during the terminal stage of mineralization.
In vitro studies have shown that treatment of primary osteoblasts or osteoblastic cell lines
(Saos-2 or MC3T3-E1) with recombinant CTGF stimulates proliferation, matrix
production and maturation, and mineralization, and also upregulates the expression of
type I collagen, osteopontin, and other markers of osteoblast differentiation such as
osteocalcin and alkaline phosphatase (ALP) (Safadi et al., 2003; Nishida et al., 2000).
The anabolic role for CTGF in osteoblast differentiation and bone formation
encouraged scientists to test potential benefits of CTGF in bone regeneration to promote
bone healing and new bone formation. One study demonstrated that injection of
recombinant CTGF into the rat femoral marrow cavity increased the number of active
osteoblasts and induced osteogenesis in the marrow cavity (Safadi et al., 2003). Another
study showed implantation of hydroxyapatite carrier loaded with CTGF into the bone
defect within rabbit mandibles induced mesenchymal stem cell invasion and new bone
formation at the site of defect compared to implantation of hydroxyapatite carrier alone
(Ono et al., 2008).
Although various in vivo and in vitro studies support an anabolic role for CTGF in
bone formation, additional studies are needed to understand the mechanism(s) whereby
CTGF regulates osteoblast differentiation and function. Studies have demonstrated that
integrins can serve as functional CTGF receptors in various cell types (Gao and
Brigstock, 2004; Gao and Brigstock 2006; Ono et al., 2007; Chen et al., 2004; reviewed
by Arnott et al., 2011). Studies have also demonstrated that CTGF can interact with
specific integrins via its third or fourth modules (Gao and Brigstock, 2004; Tong and
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Brigstock, 2006). This CTGF-integrin interaction leads to activation of specific signaling
pathways (e.g., MAPK (mitogen-activated protein kinase) that can regulate cell migration
and differentiation, and ECM deposition (Chen et al., 2001; Ono et al., 2007; Tan et al.,
2009). These cellular events are central to many more complex physiological and
pathological processes such as angiogenesis, skeletogenesis, wound healing, fibrosis, and
tumorigenesis (Kubota and Takigawa, 2007).
In addition to integrin receptors, CTGF interacts with heparan sulfate
proteoglycans (HSPGs)which serve as integrin co-receptors (Gao and Brigstock, 2004).
Low density lipoprotein receptor-related protein (LRP) and nerve growth factor receptor,
TrkA (tropomyosin receptor kinase A) have also been implicated as CTGF receptors.
LRP serves as a receptor for CTGF in bone marrow stromal cells, hepatic stellate cells,
and fibroblasts, where it is thought to be involved in clearing of CTGF from the ECM
(Segarini et al., 2001; Gao and Brigstock, 2003; Chen et al., 2001). TrkA and p75NTR
have been identified as neurotrophin receptors and one study showed that CTGF binds to
these receptors in kidney mesangial cells inducing autophosphorylation of the tyrosine
residue in TrkA, thereby initiating signal transduction to multiple kinases including
PKC and , MEK/ERK1/2, JNK, PKB, p90-ribosomal S6 kinase (RSK), and
calmodulin kinase II (CaMKII) (Wahab et al., 2005).
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1.2 Integrins
Integrins are heterodimeric transmembrane proteins formed by non-covalently
associated  and  subunits, which each contain a large N-terminal extracellular domain,
a transmembrane domain, and a C-terminal intracellular domain. In vertebrates there are
18  and 8  subunits that can assemble into 24 different integrin receptors, with
different tissue distribution (reviewed by Hynes, 2002). The extracellular domain of an
integrin receptor interacts with the ECM proteins, while the intracellular domain links to
the actin cytoskeleton through a multimolecular focal adhesion complex. This
transmembrane bridging enables the cells to sense their microenvironment, transform
mechanical forces, and trigger variety of signal transduction events leading to the
regulation of cell cytoskeleton organization, cell adhesion, migration, differentiation,
survival and apoptosis (Zaidel-Bar et al., 2007; Geiger et al., 2001; Byron, 2011). The
integrin receptors are not constitutively in active mode (extended conformation with high
affinity for ligands). They can express on the cell surface in inactive mode (bent
conformation with low affinity for ligands), in which they do not bind to ligands. The
extracellular domain of both and  subunits of integrin receptors can bind to highly
specific peptide sequences in ECM proteins, such as the Arg-Gly-Asp (RGD) sequence in
fibronectin and vitronectin. This ligand binding is dependent on presence of divalent
cations (Mn2+, Mg2+, and Ca2+), and their binding to the cation binding site of the integrin
extracellular domain results in activation of integrin outside-in signaling (Gailit and
Ruoslahti, 1988). Regulation of integrin activation from inside the cell has been called”
inside-out signaling”.
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Studies have shown that heparan sulfate proteoglycans (HSPGs), especially
syndecans, serve as co-receptors in integrin-ligand interaction (Gao and Brigstock, 2006;
Chen et al., 2004; Babic et al., 1999; Gao and Brigstock, 2005). Syndecans increase the
strength of the integrin-ECM interaction; they accomplish this by binding to a secondary
binding site on the ligand via their covalently attached heparan sulfate chains, and also by
interacting with the cytoskeleton via their cytoplasmic tail (reviewed by Carey, 1997).
The interaction of integrins with ECM proteins leads to clustering of integrins at
adhesion sites and the formation of focal adhesions. The focal adhesion is a complex of
several cytoplasmic proteins, the integrin intracellular domain, and bundles of actin
filaments. The integrin intracelullar domain does not have actin binding sites or any
enzymatic activity; therefore all of the signaling events downstream of the integrin
receptor are mediated by focal adhesion proteins. Focal adhesion proteins have a diverse
array of functions; some such as -actinin and vinculin are structural proteins, while
others such as gelsolin, tensin and VASP (Vasodilator-stimulated phosphoprotein) play
regulatory roles (e.g., control actin dynamics). Some of the focal adhesion proteins such
as paxillin and P130Cas are adaptor proteins that mediate specific protein–protein
interactions, while others such as FAK and Src (proto-oncogene tyrosine-protein kinase)
have kinase activity (reviewed by Petit and Thiery, 2000).
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1.2.1 Integrin Mediated Signaling
Inside-out Signaling: Interaction between intracellular domains of  and 
subunits keeps the integrin receptor inactive, and breaking this interaction causes changes
in the conformation of integrin extracellular domains thereby activating the integrin
receptor. Talin and kindlin are two key regulators of inside-out signaling (reviewed by Ye
et al., 2011). Talin binding to the  integrin cytoplasmic domain induces extendedintermediate affinity conformation of the integrin receptor; whereas talin and kindlin
together induce extended-high affinity conformation of the integrin receptor (Lefort et
al., 2012). Inside-out signaling is important during processes such as cell migration, when
cells regulate their adhesion to ECM in a temporal and spatial fashion.
Outside-in Signaling: Integrin-ligand binding results in activation of
intracellular signaling events that promote cell cycle progression (via ERK, cyclin D1,
etc), cell survival (via PI3-kinase and Akt), and cell motility (via Rho GTPases). Since
integrins do not have catalytic activity, they transduce signals into the cell through
integrin-associated proteins such as focal adhesion kinase (FAK). When FAK is
phosphorylated at tyrosine 397, it in turn phosphorylates the Src family of tyrosine
kinases (SFKs, e.g.,c-Src) and forms a FAK-Src signaling complex. Within the complex,
Src phosphorylates FAK on other tyrosines, and in this way FAK and Src provide a
phosphorylation docking site for activation of a variety of intracellular signaling
pathways (Mitra and Schlaepfer, 2006). Downstream of the FAK-Src complex are the
guanine nucleotide exchange factor (GEFs), which can activate the Ras protein by
binding GTP to it. The activation of Ras initiates the mitogen-activated protein kinase
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(MAPK) signaling pathway. MAPKs are a large group of proteins that respond to
different extracellular signals and cause activation of nuclear transcription factors.
MAPK are subdivided into three groups: extracellular signal-regulated kinase (ERK1/2);
c-Jun N-terminal kinase (JNK1/2/3); and p38/MAPK (Javelaud and Mauviel, 2005).
MAPK signaling generally occurs through phosphorylation of MAPK kinase kinase (e.g.,
Raf) by activated Ras. Next, MAPK kinase kinase phosphorylates MAPK kinase
(e.g.,MEK), and then MAPK kinase phosphorylates the MAPKs (e.g., ERK) on both
threonine and tyrosine residues and results in MAPK activation. MAPKs can move into
the nucleus and regulate several transcription factors (e.g., phosphorylation and activation
of Runx2 by ERK in osteoblasts) and thereby regulating gene expression (Ge et al., 2009)
(Figure 1.2).
Cell adhesion to the ECM stimulates activity of signaling pathways downstream of
integrin receptors that impact cytoskeletal organization, cell spreading, and cell motility.
These signaling pathways regulate actin cytoskeleton assembly, focal adhesion
maturation, and stress fiber formation (reviewed by Huveneers and Danen, 2009). Small
GTPases of the Rho family (Rho, Rac, and Cdc42) are known effectors of cytoskeletal
organization during cell spreading and migration. During the early stage of integrinmediated adhesion, activation of Ras-related C3 botulinium toxin substrate1 (Rac1) and
cell division cycle 42 (Cdc42) signaling leads to actin polymerization and the consequent
formation of lamellipodia (broad, flat, sheet-like structure) and filopodia (thin,
cylindrical, needle-like projections), respectively (Price et al., 1998). During this stage,
integrin-mediated adhesion induces FAK phosphorylation and as a result Src activation
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(Mitra and Schlaepfer, 2006). An active Src-FAK complex phosphorylates the
scaffolding protein p130Cas, then phosphorylated p130Cas activates some adaptor
proteins and as a result Rac1 activation leads to lamellipodia formation (Cary et al., 1998;
Vuori et al., 1996, reviewed by DeMali et al., 2003). An active Src-FAK complex can
also phosphorylate paxillin, then phosphorylated paxillin activates some adaptor proteins
and consequent Cdc24 activation leads to filopodia formation (reviewed by Turner,
2000). Actin polymerization occurs at the leading edge of cells, and actin related protein
2/3 (Arp2/3) complex is major nucleator of actin polymerization (DeMali et al., 2002).
During this stage Src-FAK complex inhibits RhoA-GTPase activity and as a result
inhibits cytoskeleton contractility while cell is spreading (Arthur et al., 2000). Events of
early stage of cell adhesion result in formation of adhesion sites and cell spreading. The
later stage of integrin-mediated adhesion is characterized by decrease in activity of Rac
and Cdc42 and increase in activation of RhoA (a member of Rho family of small
GTPase), and as a result, the maturation of focal adhesions and formation of stress fibers.
Cell spreading in the early stage creates tension that triggers Src phosphorylation and as a
result activation of GEFs. GEFs activate RhoA, and RhoA activates its downstream Rhoassociated protein kinase (ROCK). Phosphorylation of myosine light chain (MLC) by
ROCK, increases myosin II ATPase activity and as a result induces actomyosin
contraction, formation of actin stress fibers and enhances cell migration ability (reviewed
by DeMali et al., 2003; Huveneers and Danen, 2009)(Figure 1. 2). Studies showed Rac
and RhoA suppress each other’s activity (Nimnual et al., 2003; Ohta et al., 2006). Such
crosstalk between Rac and RhoA is important in facilitation of cell protrusion and
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spreading in early stage and cell cytoskeletal contractility and migration in later stage of
cell-matrix interaction.

Figure 1.2 Integrin mediated signaling pathways associated with the gene regulation
and cytoskeleton reorganization. This model shows ligand binding to the integrin
receptor can trigger initiation of multiple signaling pathways. RhoGTPases (Cdc42, Rac,
RhoA) activation regulates cell cytoskeleton organization and motility. Activation of
MAPK signaling pathway downstream of integrin- ligand interaction results in regulation
of transcription of genes important in cell physiological events such as differentiation.

14

Cell migration is a process that is coordinated both spatially and temporally and
includes: cell polarization and membrane protrusion; formation of cell- substrate
adhesion sites in leading edge; induction of contractile forces and traction forces by stress
fibers; and release of the adhesion sites in the rear edge (Lauffenburger and Horwitz,
1996). Maximal cell migration speed occurs in intermediate ratio of cell-substrate
adhesiveness to contractile force. In this way cell forms new adhesion sites in leading
edge while easily breaks old adhesion sites in rear (Palecek et al., 1997).

1.2.2 Integrin Mediated Osteoblast Adhesion to the Extracellular
Matrix Proteins
Bone is a specialized connective tissue with mineralized extracellular matrix. The
mineral component of the bone matrix is calcium phosphate in the form of
hydroxyapatite crystals [Ca10(Po4)6 (OH)2] that strengthen the organic matrix. The
organic matrix of bone is mostly composed of collagen type I (90%) (Bilezikian et al.,
2002), while other collagens such as type III, V, and XI are present in the bone matrix in
lesser amounts. The main non-collagenous proteins of the bone matrix are proteoglycan
macromolecules and multiadhesive glycoproteins (Bilezikian et al., 2002). Some of the
main bone glycoproteins contain the Arg-Gly-Asp (RGD) sequence that enables them to
bind to the integrin cell surface receptors and hence play a crucial role in cell-ECM
adhesion (reviewed by Ruoslahti, 1996). A list of commonly found bone organic matrix
components is attached in Table 1.1. In addition to collagen, proteoglycans, and
glycoproteins (Table 1.1), there are other proteins in the organic bone matrix such as
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serum proteins (albumin and 2HS glycoprotein), immunoglobulins, cytokines,
chemokines, enzymes (e.g.,MMPs), matrix phosphoprotein kinases, proteolipids, and
growth factors (Bilezikian et al.,2002).
Osteoblasts express various types of integrin receptors that interact with different
extracellular matrix proteins. 1 integrin is highly expressed by osteoblasts and has high
affinity to the main ECM components (Xiao et al., 1998; Schneider et al., 2001).
Specifically 11, 21, and 31 mediate osteoblast adhesion to collagen I, which leads
to up-regulation of osteoblast differentiation markers. In addition, 31, 41, 51
integrin receptors mediate adhesion of osteoblasts to fibronectin, and v3 mediates
adhesion of osteoblast to vitronectin (Schneider et al., 2001; Horton 1997). Importance of
the 1 integrin in osteoblast adhesion and differentiation is demonstrated by mice
genetically engineered to express dominant-negative form of the 1 integrin. These mice
show reduced bone mass, increased porosity of cortical bone and thinner flat bones;
osteoblasts isolated from these mice show impaired adhesion (Zimmerman et al., 2000).
The importance of osteoblast-ECM interaction via integrin receptors has also been
demonstrated by disrupting these interactions with specific integrin antibodies (Schneider
et al., 2001). This study showed that blocking 21, 51, and v3 integrins decreases
matrix mineralization by the osteoblasts. In the case of osteoblast adhesion to CTGF, the
type of integrin receptor that mediates this adhesion as well as the functional
consequences of this interaction are unknown.
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Organic ECM components
Collagen I

Function/ Reference
Scaffolding binds and orients other proteins that nucleate
hydroxyapatite (Bilezikian, 2002)
Present in lesser amount, regulate collagen fibril diameter (Bilezikian,
2002)

Collagen V, III, XI, XII

Versican

Anti-adhesive molecule (Bilezikian et al., 2002)

Decorin

Binds to collagen, regulates TGF-activity (Fisher et al., 1998)

Biglycan

Binds to collagen, regulates TGF-activity (Kobe et al., 1995)

PGs
Fibromodulin

Binds to collagen (Hedbom et al., 1993)

Osteoglycin

Binds to TGF-Tanaka et al

Osteocadherin

Cell adhesion (Sommarin et al., 1998)

Hyaluronan

Bone resorption (Bilezikian et al., 2002)

Osteonectin

Binds to hydroxyapatite, collagen; Positive regulator of bone formation
(Termin et al., 1981; Delany et al., 2000)

Alkaline phosphatase

Ca2+ carrier, hydrolyze inhibitors of mineral deposition (Bellows et al.,
1991)

Tetranectin
GPs

RGDcontaining

Regulate matrix mineralization (Wewer et al., 1994)
FN

Cell adhesion; binds to collagen, heparin (Gerzesik et al., 1994)

VN

Cell adhesion; binds to collagen, heparin (Gerzesic et al., 1994)

OPN

Cell adhesion, regulates mineralization, regulate proliferation
(Reviewed by Sodek et al., 2000)

BSP

Cell adhesion, regulates mineralization (Bilezikian et al., 2002)

TSP

Cell adhesion, binds to collagen (Hankenson et al., 2000)

Fibrillin
BAG75

Regulate elastic fiber formation (Ramirez et al., 1999)
Binds to Ca2+, cell adhesion (Bilezikian et al., 2002)
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Table 1.1 Main organic components of the bone ECM.
Collagenous matrix proteins,
non-collagenous matrix protein. PGs= proteoglycans, GPs= glycoproteins, FN= fibronectin,
VN=vitronectin, OPN= osteopontin, BSP= bone sialoprotein, TSP= thrombospondin. (This
data adapted from Bilezikian et al., 2002).

1.3 The Importance of the CTGF-Integrin Interaction in Osteoblasts
Previous studies in various cell types demonstrated that specific integrins serve as
functional CTGF receptors and the type of integrin is cell type dependent (Arnott et al.,
2011; reviewed in Table 1.2). Some studies analyzed the CTGF-integrin interaction in
greater detail and showed that the third or fourth domains of CTGF contain the integrin
binding sites for specific cell surface integrins (Tong et al., 2006; Gao and Brigstock,
2004; Gao and Brigstock, 2006; Hoshijima et al., 2006). Furthermore, these studies
demonstrated that the CTGF-integrin interaction results in activation of various
intracellular signaling pathways (e.g ERK and p38 (Chen et al., 2001; Morrison et al.,
2010) in a cell-type dependent manner (see Table 1.2). The consequence of activation of
intracellular signaling pathways can explain some of the cellular effects of CTGF such as
cell adhesion, spreading, migration, and survival (Babic et al., 1999; Chen et al, 2004;
Tong et al., 2006; see Table 1.2).
Despite the fact that CTGF has been shown to play an important role in regulating
skeletogenesis (Ivkovic et al., 2003; Friedrichsen et al., 2003; Safadi et al., 2003; Nishida
et al., 2000; Lambi et al., 2012), there is limited information on the mechanisms of action
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of CTGF in bone. More specifically, there are no published reports examining whether
cell surface integrins can serve as receptors for CTGF in osteoblasts.

Form of
Cell type

receptor

CTGF

Cellular Event Stimulated

Reference

Used

Endothelial Cell
(HMVEC)

αvβ3

Mouse full
length

Adhesion, migration, survival

Babic et
al.,1999

Platelet

αIIbβ3

Mouse full
length

Activation (ADP)-dependent adhesion

Jedsadayanmata
et al., 1999

Fibroblast
(HDF)

α6β1

Mouse full
length

Adhesion; formation of filopodia and
lamellipodia; FAK, Paxillin, Rac, and ERK
activation; increased expression of MMP-1
and MMP-3

Fibroblast
(MEF)

α4,α5,β1

Endogenous
mouse

Adhesion to and spreading on FN; α-SMA
stress fiber formation; ERK and FAK
activation

Chen et al.,
2004

Monocyte
(PBMC,THP-1)

αMβ2

Mouse full
length

Activation (ADP/PMA)-dependent
adhesion

Schober et al.,
2002

αvβ3

Human full
length and
CT domain

Adhesion

Gao and
Brigstock, 2004

α6β1

TSP-1
domain

Adhesion, ERK activation, increased
expression of FN and pro-collagen type
IV(α5)

Tong et al.,
2006

Pancreatic
Stellate Cell

α5β1

Human full
length, and
CT domain

Adhesion, migration

Gao and
Brigstock, 2006

Bone Marrow
Stromal Cell

αvβ3

Human full
length, and
CT domain

Adhesion, p38 activation

Ono et al., 2007

Hepatic Stellate
Cell
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Chen et al.,
2001

Mammary
Epithelial Cell
(HC11)

α6β1

Human full
length

Breast
Carcinoma Cell
(MCF-7)

αvβ3

NS

Migration, ERK activation, increased
S100A4 expression

Ovarian
Carcinoma Cell
(DOV13)

α3β1,
α6β1

NS

Adhesion

Barbolina et al.,
2009

Adhesion

Marrison et al.,
2010

♭

Chen et al., 2007

♭

Chondrosarcoma
Cell (JJ012)

αvβ3

NS

Migration; FAK, ERK, p65 and IKKα/β
activation; increased MMP-13 expression;
increased κB luciferase activity

Tan et al., 2009

Chondrocyte
(HCS-2/8)

α5β1

Human full
length, and
CT domain

Adhesion to FN

Hoshijima et al.,
2006

Osteoclast
(CD14+ PBMC)

αvβ3

Human full
length

♭

FAK and ERK activation

Nozawa et al.,
2009

Table 1.2 CTGF and integrin-mediated signaling and adhesion. The cellular effects provided
in the table occurred upon direct interaction of the CTGF used and the listed integrin complex
(es), unless otherwise specified. All forms of CTGF listed above were used as a substrate to coat
plates for experiments. ♭Results obtained from indirect interactions of CTGF with the integrin
complex identified. Abbreviations: NS= forms of CTGF not specified in the original publication.
HMVEC=primary human dermal microvascular endothelial cells; HDF=adult human dermal
fibroblast; MEF=mouse embryonic fibroblast; PBMC=human peripheral blood mononuclear cell;
THP-1=human acute monocytic leukemia cell line; HC11=mouse mammary epithelial cell line;
MCF-7=human breast cancer cell line;MDA-231=human breast carcinoma cell line;
DOV13=human ovarian carcinoma cell line; JJ012=human chondrosarcoma cell line; HCS2/8=human chondrosarcoma chondrocytic cell line (adapted from Arnott et al., 2011).

1.4 Hypothesis and Objective of the Dissertation
Based on our knowledge about CTGF molecule and also previous studies on
CTGF interactions and roles in different cell types, we hypothesize that specific
integrin(s) on the surface of osteoblasts can serve as functional receptors for CTGF, and
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that osteoblast adhesion to CTGF results in the activation of signaling pathways that
regulate cell cytoskeletal reorganization and spreading, and promote osteogenic
differentiation. The aims of this study are 1) to identify the specific integrin(s) involved
in the adhesion of osteoblasts to an immobilized CTGF substrate, and to identify the
specific domain of CTGF involved in binding to the integrin(s), 2) to examine the effects
of the osteoblast adhesion to CTGF on cytoskeletal reorganization, focal adhesion
formation and cell spreading, and also to identify potential signaling molecules (e.g. Rac)
that may be responsible for mediating these effects, 3) to examine the effects of the
osteoblast adhesion to CTGF on cell differentiation, and identify potential signaling
components (e.g. FAK, ERK1/2, and Runx2) that can mediate these effects, and 4) to
study the effect of endogenous CTGF expression on osteoblast adhesion, spreading and
motility through regulation of important signaling molecules (e.g. Rac and Rho).
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CHAPTER 2
OSTEOBLAST ADHESION TO CTGF IS MEDIATED VIA INTEGRIN
RECEPTORS AND RESULTS IN CELL CYTOSKELETAL REORGANIZATION
AND DIFFERENTIATION
2.1 Abstract
Pre-osteoblast adhesion and interaction with extracellular matrix (ECM) proteins
through integrin receptors result in activation of signaling pathways regulating osteoblast
differentiation. Connective tissue growth factor (CTGF/CCN2) is a matricellular protein
secreted into the ECM. Prior studies in various cell types have shown that cell adhesion
to CTGF via integrin receptors results in activation of specific signaling pathways that
regulate cell functions, such as differentiation and cytoskeletal reorganization. To date,
there are no studies that have examined whether CTGF can serve as an adhesive substrate
for osteoblasts. In this study, we used the MC3T3-E1 cell line to demonstrate that CTGF
serves as an adhesive matrix for osteoblasts. Anti-integrin blocking experiments and coimmunoprecipitation assays demonstrated that the integrin v1 plays a key role in
osteoblast adhesion to a CTGF matrix. Immunofluorescence staining of osteoblasts
cultured on a CTGF matrix confirmed actin cytoskeleton reorganization, enhanced cell
spreading and formation of focal adhesions. In addition, Rac activity assay confirmed
enhanced activation of Rac1 in osteoblasts cultured on CTGF compare to the negative
control. Alkaline phosphatase (ALP) staining and activity assays, as well as Alizarin red
staining demonstrated that osteoblast attachment to CTGF matrix enhanced maturation,
bone nodule formation and matrix mineralization. To investigate whether the effect of
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CTGF on osteoblast differentiation involves integrin-mediated activation of specific
signaling pathways, we performed Western blot and chromatin immunoprecipitation
(ChIP) assays. Osteoblasts cultured on a CTGF matrix showed increased total and
phosphorylated forms of focal adhesion kinase (FAK) and extracellular signal-regulated
kinase (ERK). There was also an increase in runt-related transcription factor 2 (Runx2)
binding to the osteocalcin gene promoter. Collectively, the results of this study are the
first to demonstrate CTGF serves as a suitable matrix protein, enhancing osteoblast
adhesion (via v1 integrin) and promoting cell spreading via cytoskeletal reorganization
and Rac1 activation. Furthermore, integrin-mediated activation of FAK and ERK
signaling resulted in increased Runx2 binding to the osteocalcin gene promoter which
enhanced osteoblast differentiation.

2.2 Introduction
Connective tissue growth factor (CTGF) is the second member of the CCN family
of proteins which consists of six members with a similar multi-modular structure (Leask
et al., 2006). CTGF is considered a matricellular protein that is secreted into the
extracellular matrix (ECM), where it serves as cell adhesion protein. CTGF interacts with
cell surface receptors (e.g. integrins), growth factors (e.g. transforming growth factor 1
[TGF-1]), proteases (e.g. matrix metalloproteinases [MMPs]), and ECM proteins (e.g.
fibronectin), via its different modules, thereby mediating the activity of these proteins
(Hoshijima et al., 2006; Gao and Brigstock, 2004; Abreu et al., 2002). The multi-modular
structure of CTGF and the interaction of its modules with various proteins enable CTGF
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to regulate a variety of cellular functions including cell adhesion, proliferation, migration,
differentiation, survival, and ECM synthesis (De Winter et al., 2008). It has also been
shown that CTGF is involved in more complicated biological processes such as
angiogenesis, chondrogenesis, and osteogenesis, processes that are necessary for normal
skeletal development (Arnott et al., 2011).
The importance of CTGF in skeletogenesis was confirmed in studies utilizing
mice in which CTGF was ablated. CTGF knockout mice exhibit multiple skeletal
dysmorphisms, such as kinked ribs, tibiae, radii and ulnae, and craniofacial abnormalities,
as a result of impaired chondrogenesis and osteogenesis (Ivkovic et al., 2003; Kawaki et
al., 2008). An in-depth characterization of the skeleton of CTGF knockout mice by our
lab demonstrated numerous site-specific defects in the axial, appendicular and
craniofacial skeleton (Lambi et al., 2012). Osteoblasts derived from CTGF KO mice
differentiate normally in vitro and demonstrate a heightened response to BMP-2-induced
differentiation in culture (Mundy et al., 2013). Therefore, postulate that aberrant bone
development in CTGF knockout mice is not due to an intrinsic osteoblast defect but
rather is secondary to defects within the bone microenvironment, including the bone
matrix.
Additional studies have confirmed that osteoblasts produce and secrete CTGF
during active bone formation and fracture healing (Safadi et al., 2003). Treatment of
primary osteoblasts or osteoblastic cell lines (Saos-2 or MC3T3-E1) with recombinant
CTGF stimulates proliferation, matrix production, mineralization, and up-regulates the
expression of markers of osteoblast differentiation including type I collagen, osteopontin,
osteocalcin and alkaline phosphatase (Nishida et al., 2000; Safadi et al., 2003).
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Collectively, these studies support an anabolic role for CTGF in osteoblast differentiation
and bone formation, but the mechanism responsible for this effect remains unknown.
To date, no one has identified a specific receptor for CTGF, but numerous studies
have shown that integrins can serve as functional receptors for CTGF in various cell
types (Gao and Brigstock 2004; Gao and Brigstock, 2006; Ono et al., 2007; Chen et al.,
2001; Arnott et al., 2001). These bindings to integrins takes place through the third or
fourth domain of CTGF (Hoshijima et al., 2006; Gao and Brigstock, 2004; Gao and
Brigstock, 2006; Tong and Brigstock, 2006), and the specific type of integrin receptor
involved in CTGF binding varies based on cell type (Arnott et al., 2011). In addition to
integrins, CTGF also binds to the cell surface heparan sulfate proteoglycans through its
fourth domain (Gao and Brigstock, 2004). Heparan sulfate proteoglycans serve as coreceptors for integrins and serve to strengthen the ECM protein-integrin interaction
(Carey, 1997). Studies have demonstrated that, the CTGF-integrin interaction results in
activation of signaling pathways that regulate cell differentiation, cytoskeletal
reorganization and matrix production (Tong and Brigstock, 2006; Chen et al., 2001;
Huang et al., 2013).
During osteoblast differentiation, mesenchymal stem cells differentiate into
preosteoblastic cells and subsequently into fully functional, matrix-synthesizing
osteoblasts, a process that is regulated by specific transcription factors such as Runx2.
Runx2 is downstream of the FAK/ERK signaling pathway (Xiao et al., 2000). Upregulation of Runx2 expression promotes mesenchymal cells to differentiate into
osteoblasts and inhibits their differentiation into adipocytes or chondrocytes (Ducy et al.,
1997). In addition, Runx2 induces the expression of osteoblast-related genes such as
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collagen type I, fibronectin, osteopontin, bone sialoprotein, osteocalcin, and MMp-13
(matrix metalloproteinase-13) during the early stages of osteoblast differentiation (Ducy
et al., 1997; Harada et al., 1999; Jimenez et al., 1999; Thirunavukkarasu et al., 2000).
The objective of this study is to determine whether osteoblasts can adhere to a
CTGF matrix, and if so, the functional consequences of this cell/matrix interaction. We
hypothesize that CTGF will serve as an effective adhesive matrix for osteoblasts and that
this interaction will be mediated by one or more specific integrins expressed on the
osteoblast cell surface. Furthermore, we expect this CTGF-integrin interaction will
activate signaling pathways that regulate cytoskeletal reorganization and osteoblast
differentiation. In the present study, we used a MC3T3-E1 preosteoblastic cell line to
investigate the specific characteristics and functional consequences of osteoblast
adhesion to a recombinant CTGF matrix.

2.3 Materials and Methods
Cell culture
MC3T3-E1 subclone 4, a mouse pre-osteoblast cell line, was purchased from
ATCC® (Manassas, VA). Cells were cultured in alpha minimal essential medium
(Corning Cellgro, Manassas, VA) containing 10% fetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA) and 1% penicillin/streptomycin (Corning Cellgro).
Cells were incubated at 37 °C and 5% CO2.
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Western blotting
MC3T3-E1 culture dishes were washed with cold 1X PBS and cells were lysed in
1X RIPA lysis buffer (Millipore, Billerica, MA) containing 1% protease inhibitor
(Sigma-Aldrich, St. Louis, MO) then incubated for 1 hour at 4°C. Protein concentration
of lysates was determined using BCA Protein Assay Kit (Pierce Biotechnology,
Rockford, IL). Membranes were blocked with 5% BSA/PBS- 0.1%Tween20 or LICOR® Blocking Buffer ( LiCore Biosciences, St. Lincoln, NE) for 1 hour at room
temperature and then incubated with the following primary antibodies: 1:500 rabbit
polyclonal anti- phospho-FAK (Tyr925) (Cell Signaling Technology, Danvers, MA),
1:500 rabbit polyclonal anti FAK (Cell Signaling Technology), 1:500 rabbit monoclonal
anti- phospho-ERK1/2 (Cell Signaling Technology), 1:500 rabbit monoclonal antiERK1/2 (Cell Signaling Technology) and 1:1000 rabbit polyclonal anti- actin (SigmaAldrich) overnight at 4 °C . Membranes were washed with 1X PBS- 0.1%Tween20 and
incubated with 1:5000 horseradish peroxidase conjugated to a donkey anti- rabbit
secondary antibody (Jackson Immunoresearch, West Grove, PA) or 1:5000 IRDye®
800cw, donkey anti- rabbit secondary antibody from Odyssey® infrared imaging system
(LiCor Biosciences). Primary and secondary antibodies were diluted in blocking buffer.
Bands were visualized with using a chemiluminescence detection system (Thermo
Scientific, Rockford, IL) or LI-COR® infrared imaging system.
Adhesion assay
Ninety six-well non-tissue culture treated plates (Falcon® Becton Dickinson,
Franklin Lakes, NJ) were coated with fibronectin (Sigma-Aldrich), recombinant CTGF
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(ProSpec, Ness-Ziona, Israel), or 1% BSA (Fisher Scientific, Pittsburgh, PA) in PBS and
were left to dry in a tissue culture hood. To block non specific binding sites in coated
wells, 1% BSA was added to the wells and the plates were incubated at 4°C for 1 hour.
BSA was discarded and wells were washed with 1X PBS prior to adding 2 x104 MC3T3E1 cells (passage 5 to 10) to the wells and incubation at 37°C for 45 minutes. To block
the various integrins of interest, cells were incubated with 5 g/ml BioLegend® (San
Diego, CA) monoclonal integrin antibodies against v, 2,5, 1, 3, 5 or normal IgG
for 30 minutes at 37°C prior to seeding in 96-well plates. Wells were washed with 1X
PBS. CyQuant® NF dye (Invitrogen, Carlsbad, CA) was added to each well and the
plates were incubated at 37°C for 1 hour. Fluorescence was measured using a microplate
reader with excitation at ~485 nm and emission detection at ~530nm. Relative
fluorescence units (RFUs) were converted to cell number using standard curve made by
performing adhesion assay for different cell numbers.
Immunofluorescence staining
Glass chamber slides (Nalge Nunc International, Rochester, NY) were coated
with 2 g/ml recombinant CTGF (ProSpec), 2 g/ml fibronectin (Sigma-Aldrich) or 1%
BSA (Fisher Scientific) in PBS and were left to dry in a tissue culture hood. 2x103
MC3T3-E1 cells were added to chambers and incubated at 37°C for 8 or 24 hours. Cells
were fixed with 4% paraformaldehyde in phosphate buffer (Affymetrix, Santa Clara, CA)
for 15 minutes, washed 3 times with washing buffer (1X PBS containing 0.05%
Tween20) and then blocked with blocking solution (2.5% BSA in PBS) for 30 minutes at
room temperature. After fixation, 1:200 primary antibody rabbit polyclonal anti-v1
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(Bioss, Woburn, MA) and 1:500 mouse monoclonal anti-vinculin (Millipore) diluted in
blocking solution were added to the chambers, which were then incubated overnight at
4°C. After 3 washes with washing buffer, fluorescence secondary antibodies conjugated
to DyLight™549 or DyLight™ 488 (Jackson Immunoresearch) and diluted 1:2000 in
blocking solution, or TRITC-conjugated phalloidin (Millipore) diluted 1:5000 in blocking
solution, were added to the chambers, which were then incubated for 1 hour at room
temperature. After 3 washes with washing buffer, the chamber slides were cover slipped
using Vectashield ® mounting medium with Dapi fluorescence (Vector, Burlingame,
CA). Fluorescence imaging was performed using a Nikon E1000. Cell spreading areas
were measured using ImageJ.
Rac activity assay
Rac activity assay was performed on MC3T3-E1 cells cultured for 2 hours on
dishes coated with recombinant CTGF (ProSpec), fibronetin (Sigma-Aldrich), 1%BSA
(Fisher Scientific), or uncoated dishes as a negative control. A Rac1 Activation Assay
Biochem Kit™ (Cytoskeleton, Denver, CO) was used to pull down active Rac1. Then,
300 g of total cell protein was incubated with 10 g PAK-PBD beads, and incubated for
1 hour at 4°C. Beads were washed once with the kit’s washing buffer. After
centrifugation, 20 l of Laemmli sample buffer containing 5% -mercaptoethanol was
added to the beads and samples were boiled for 2 minutes. Western Blot analysis was
performed on the samples using a mouse monoclonal anti-Rac1 antibody (Cytoskeleton).
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Co-Immunoprecipitation
When the MC3T3-E1 cells in the culture dishes were 70% confluent, they were
harvested and the cells were lysed with1X RIPA lyses buffer (Millipore) containing 1%
protease inhibitor (Sigma-Aldrich). Rabbit polyclonal anti-v1 antibody (Bioss), rat
monoclonal anti-21 antibody (US BioLogical, Swampscott, MA), rat monoclonal anti51 antibody (US BioLogical), and normal IgG as a negative control (Santa Cruz
Biotechnology, Santa Cruz, CA) were used to immunoprecipitate different integrin
heterodimers, using the Catch and Release kit (Millipore). In spin columns, 500 g of cell
lysate, 5g of primary antibody or IgG and 10 l of Antibody Capture Affinity Ligand
were incubated at room temperature for 30 minutes. Spin columns were centrifuged, the
flow-through was discarded, and the beads in columns were washed 3 times with the kit’s
washing solution. To elute the protein of interest, 1X Denaturing Elution Buffer
containing -mercaptoethanol was added to columns and heated at 97°C for 3 minutes.
Denatured proteins were collected by centrifugation. For Western blot analysis, goat
polyclonal anti-CTGF antibody (Santa Cruz Biotechnology) diluted 1:200 in blocking
buffer, and then a horseradish peroxidase conjugated donkey anti- goat secondary
antibody (Jackson Immunoresearch) diluted 1:5000 in blocking buffer were applied, as
described previously.
Alkaline phosphatase staining and activity
Forty eight-well plates (Falcon® Becton Dickinson) were coated with 2g/ml
recombinant CTGF (ProSpec) or 1% BSA (Fisher Scientific) in PBS. 1.17 x 104 MC3T3E1 cells suspended in -MEM containing 10%FBS and 1% penicillin/streptomycin were
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seeded in each well. At day 3 of culture, cells were treated with osteogenic medium (50
g/ml Ascorbic acid+ 10 mM -glycerophosphate in -MEM+ 10%FBS and 1%
penicillin/ streptomycin), which was changed every 3 days. Alkaline phosphatase staining
was performed on day 14 of culture using a Leukocyte Alkaline Phosphatase kit and its
solutions (Sigma-Aldrich). After washing cells in 1X HBSS, they were fixed in citrate
buffer containing acetone and formaldehyde. After fixation, cells were washed with
ddH2O and stained with a solution containing sodium nitrate, FRV-alkaline solution and
napthol AS-BI alkaline solution for 25 minutes at room temperature. Cells were washed
with ddH2O, air-dried and images were taken using a Nikon Eclipse TE300 inverted
microscope.
Alkaline phosphtase activity was quantified using a Quantichrome™ Alkaline
Phosphatase kit (BioAssays Systems, Hayward, CA). On day 14 of culture, cells from
additional cultures were digested with ddH2O + 0.2% Triton X-100 and incubated at
room temperature for 20 minutes. Cells were scraped, centrifuged, supernatant collected
and assay was performed according to the manufacturer’s protocol. Alkaline phosphatase
activity was normalized to total amount of protein, determined using a BCA assay kit
(Pierce Biotechnology).
Alizarin red staining
MC3T3-E1 osteogenic cells were cultured on recombinant CTGF (ProSpec) or
1% BSA (Fisher Scientific) coated 48-well plates (Falcon® Becton Dickinson) and
terminated on day 35 to evaluate osteoblast mineralization. Cells were washed with
ddH2O and fixed with 10% paraformaldehyde in phosphate buffer for 15 minutes at room
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temperature. After washing cells with 1X PBS, 40 mM Alizarin red stain (SigmaAldrich) was added to wells and incubated at room temperature for 15 minutes. Cells
were washed with ddH2O and air-dried. Images were taken using a Nikon Eclipse TE300
inverted microscope. ImageJ software was used to measure nodule area.
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed on MC3T3-E1 cells cultured on recombinant CTGF
(ProSpec) coated, 1%BSA (Fisher Scientific) coated or un-coated culture dishes, and
treated for 7 days with 50 g/ml Ascorbic acid+ 10 mM -glycerophosphate in -MEM+
10%FBS and 1% penicillin/streptomycin. Cultured cells were cross-linked with 1%
paraformaldehyde (Affymetrix) in phosphate buffer for 10 minutes at room temperature.
Cells were scraped and collected in 1% PBS, centrifuged, and pellets were resuspended
in lysis buffer (50mM Hepes-KOH [pH 8.0], 1mM EDTA, 140mM NaCl, 10% Glycerol,
0.5% NP-40, 0.25% Triton X-100, 1mM PMSF) containing 1% protease inhibitor
(Sigma-Aldrich) and incubated at room temperature for 10 minutes. Samples were
centrifuged and pellets were resuspended in dilution buffer (10mM Tris-HCl [pH 8.0],
1% triton X-100, 0.1% SDS, 1mM EDTA, 140 mM NaCl, 1mM PMSF and 1% protease
inhibitor). Lysates were sonicated 8 times, each time for 10 seconds at 4°C. After highspeed centrifugation (10 minutes, 13,000 x g), 25l of supernatants were stored for input
of ChIP reaction. The remainder of the supernatants were incubated with protein A/Gagarose beads (Santa Cruz Biotechnology) for 1 hour at 4°C to pre-clear samples. Runx2
antibody (Cell Signaling Technology), Acetyl-Histone4 antibody (Millipore) as a positive
control and normal rabbit IgG (Santa Cruz Biotechnology) as a negative control were
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added to pre-cleared supernatants and incubated overnight at 4°C. Immuno-complexes
were isolated by adding 60 l of protein A/G-agarose beads, incubated for 1 hour at 4°C,
then centrifugation for 1 minute at 2,000 x g. The beads were washed with low salt
immune complex wash buffer (0.1% SDS, 1% Triton X-100. 2 mM EDTA, 20 mM TrisHCl [pH 8.1], 150 mM NaCl), high salt immune complex wash buffer (0.1% SDS,
1%Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 500 mM NaCl), LiCl immune
complex wash buffer (0.25 M LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium
salt), 1mM EDTA, 10mM Tris, [pH 8.1]) and TE buffer (10mM Tris-HCl, 1mM EDTA,
[pH 8.0]). The immunocomplexes were eluted by resuspending the beads in 500 l of
elution buffer (1% SDS, 0.1 M NaHCO3 [pH 8.0]). After centrifugation, supernatants
were collected, 20 l of 5M NaCl was added to reverse cross-links, and samples were
heated overnight at 65°C. Next, 10 l of 1M Tris-HCl [pH 6.5], 10 l of 0.5 M EDTA
[pH 8.0], and 2 l of 10mg/ml proteinase K (Sigma) were added to the elutes, which were
incubated for 1 hour at 45 °C. DNA fragments were extracted with 500 l of phenol
chloroform (Acros Organics) and, centrifuged for 3 minutes at maximum speed, at room
temperature. Following centrifugation, 50 l of 3 M potassium acetate [pH 5.5], 2 l
Glycogen glycogen (Roche, Basel Switzerland) and 1 ml 100% ethanol were added to the
samples and incubated on dry ice for 2 hours. Samples were centrifuged and pellets were
washed with 70% ethanol and resuspended in ddH2O. DNA that was isolated from the
immuno-complexes and DNA from the input (25 l of lysate after sonication) were
subjected to Quantitative PCR. A standard curve of known target DNA was constructed
in parallel from which the relative amount of target DNA in the sample was calculated.
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Control ChIP assays with normal IgG were performed in each experiment. Results
represent the mean±SE of at least three independent experiments.

Quantitative PCR
The quantification of ChIP-DNA by quantitative PCR was performed using
primers from a previous study (Roca and Franceschi, 2008). For detection of the Runx2
binding site on the mouse osteocalcin gene promoter (OSE2b; -611/-605) F’:
TGCCTCCATAGATCCGGTT and R’: CCCACAATGGGCTAGGCTC, and for
negative control primer that does not produce a PCR product with ChIP-DNA, F’:
CTGCCAGGCTTCCTGCTAGT and R’: TACAGATGCCAAGCCCAGC were used.
OSE2b promoter occupancy by Runx2 transcription factor was determined using Syber
Green Master Mix (Applied Biosystems), loading equal amount of DNA, and running
cycles of 2 min at 50 °C, 10 min at 95°C, and 40 cycles of 15s at 95°C and 1 min at 60
°C. PCR was performed using an Applied Biosystems 7500 Real-time PCR System SDS
v1.2.
Statistical analysis
One-factor analysis of variance (ANOVA) was performed to evaluate the effect of
each variable on two or more independent groups. In the event of a significant group
effect, a Bonferroni post-test was performed to compare selected pairs of group means.
Adjusted p values are reported. For comparisons between two group means in which the
response was affected by a single variable, an unpaired t-test was performed. Any
difference with a probability value less than 0.05 was considered statistically significant.
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2.4 Results
2.4.1 CTGF as A Substrate for Integrin-Dependent Osteoblast Adhesion
To evaluate whether CTGF can serve as a matrix for osteoblast attachment, we
conducted an adhesion assay using MC3T3-E1 osteoblasts that were seeded onto culture
plates coated with various concentrations of CTGF. This assay demonstrated a
significant, concentration-dependent increase in the attachment of cells plated onto the
CTGF substrate (ranging from 0.25 to 2 g/ml) compared to BSA (negative control),
with cell attachment reaching a plateau at 2 g/ml CTGF (Fig. 2.4.1 A). Next, we
compared the attachment of osteoblasts to CTGF and fibronectin, a well-documented
bone matrix protein that promotes osteoblast adhesion (Moursi et al., 1996; Moursi et al.,
1997; Schwab et al., 2013). While osteoblasts adhered to both fibronectin and CTGF (2
g/ml), the number of cells that attached to fibronectin was greater than to CTGF under
identical assay conditions (Fig. 2.4.1 B). Next, we investigated which domain of CTGF
provides the binding site for osteoblast adhesion. For these experiments, we coated wells
with the third domain of CTGF, the fourth domain of CTGF, or the full length CTGF
protein and performed adhesion assays. Osteoblast adhesion to the fourth domain was
comparable to adhesion to the whole CTGF protein (Fig. 2.4.1 C), while adhesion to the
third domain was not significantly different from BSA (the negative control). To further
determine if the fourth domain of CTGF plays an essential role for osteoblast adhesion to
CTGF, we incubated osteoblasts with recombinant domain four for 30 minutes at room
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temperature prior to seeding cells in wells coated with full length CTGF. Pre-incubation
of cells with the fourth domain of CTGF blocked adhesion to full length CTGF with
levels comparable to the negative control (BSA) (Fig. 2.4.1 D).
Previous studies have demonstrated that integrins serve as functional receptors for
the adhesion of various cell types to CTGF (Arnott et al., 2011). To examine whether the
attachment of osteoblasts to CTGF was integrin-dependent, we examined two
characteristics of integrin-dependent adhesion, namely the requirement of divalent
cations for integrin activation and ligand binding (Gailit and Ruoslahti, 1988), and the
role of heparan sulfate proteoglycans as integrin co-receptors in cell adhesion (Carey,
1997). Treatment of cells with 5 mM EDTA chelated the divalent cations and impaired
cell adhesion (Fig. 2.4.1E). When an excess amount of divalent cations (10 mM of MgCl2
or CaCl2) were added back to the EDTA treated cell suspensions, cell adhesion was
restored (Fig. 2.4.1 E). Next, we conducted an adhesion assay in which 0.1 g/ml of
heparin was added to the cell suspension. The heparin was bound to the heparin- binding
site (within the fourth domain) of CTGF, thereby making it unavailable for cell surface
heparan sulfate proteoglycans to bind to CTGF (Ball et al., 2003; Gao and Brigstock,
2003). Heparin treatment significantly impaired osteoblast adhesion to CTGF (Fig. 2.4.1
F). Collectively, these adhesion assays demonstrate that CTGF can serve as a substrate
for osteoblast adhesion and that the adhesive interaction is likely to involve the binding of
cell surface integrins (as receptors) and heparan sulfate proteoplycans (as co-receptors) to
the fourth domain of CTGF.
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Figure 2.4.1 Osteoblast adhesion to CTGF is via integrin receptors and through
fourth domain of CTGF. (A) Adhesion assay to analyze osteoblast adhesion levels to
various concentrations of recombinant CTGF, used to coat the wells. The number of cells
adhered to CTGF is compared to cell adhesion to 1% BSA (negative control) (B)
Adhesion assay comparing osteoblast adhesion levels to 2 g/ml CTGF, 2 g/ml
fibronectin, or 1% BSA (negative control) coated wells. (C) Adhesion assay comparing
osteoblast adhesion levels to 2 g/ml of full-length CTGF, third domain of CTGF, fourth
domain of CTGF, or 1% BSA (negative control) coated wells. (D) Adhesion assay
analyzing effect of osteoblast treatment with fourth domain of CTGF prior to culture on
full-length CTGF coated wells. (E) Adhesion assay analyzing effect of divalent cation
chelation by EDTA on osteoblast adhesion to full-length CTGF, and reversing this effect
by adding excessive amount of divalent cations to the culture. (F) Adhesion assay
studying the effect of blocking heparin binding site of CTGF molecule via adding heparin
to osteoblast cell suspension prior to culture on CTGF coated wells. n= 6, *p<0.05;
**p<0.01; ***p<0.001.
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2.4.2 Integrin v1 is the Primary Receptor Mediating Osteoblast Adhesion to
CTGF
To determine which integrin mediates osteoblast adhesion to CTGF, we used
blocking antibodies directed against the six primary integrin monomer subunits expressed
on osteoblasts. Cells were incubated with 20 g/ml of the appropriate blocking antibody
for 30 minutes at 37°C prior to performing the adhesion assay. We observed a significant
decrease in osteoblast adhesion to CTGF when v, 2, 5, or 1 integrins were blocked,
while blocking 3 or 5 integrins did not have any effect on osteoblast adhesion (Fig.
2.4.2 A). To further examine the specificity of the CTGF-integrin interaction in
osteoblasts, we immunoprecipitated different integrin heterodimers (v,2, 5, 1, 3,5)
from osteoblast cell lysates and examined CTGF levels in these integrin pull downs by
Western blotting. These analyses confirmed that the most significant interaction occurs
between the v1 integrin and CTGF (Fig. 2.4.2 B). Immunofluorescent staining of
osteoblasts cultured on recombinant CTGF demonstrated actin stress fibers, clustering of
v1 integrin receptors and vinculin staining in the areas of focal adhesions (Fig. 2.4.2
C). The actin stress fibers converged on the sites of focal adhesions, and v1 integrin
and vinculin staining was co-localized in these areas (Fig. 2.4.2 C, insets). Collectively,
these data demonstrate that v1 integrin serves as the primary receptor for osteoblast
adhesion to a CTGF matrix.
.
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Figure 2.4.2 Osteoblast adhesion to CTGF is mediated by v1 integrin receptor. (A)
Adhesion assay of osteoblasts treated with different blocking integrin antibodies prior to
culture on CTGF or BSA (negative control) coated wells. The number of adhered cells in
each treatment group was compared to the adhesion level of untreated cells. Adhesion to
CTGF matrix after treatment with 3 or 5 integrin antibodies was not significantly
different from untreated cells. (B) Western blot analyzing CTGF co-precipitation levels
following immunoprecipitation of different integrins in osteoblast cell lysate and western
blot for 1 as a control for percepitation of integrin receptors. IgG was used as negative
control of integrin antibodies. (C) Immunofluorescence staining of osteoblasts cultured
on CTGF coated slides for 24 hours at 37 °C. Cells stained for v1 (green), F-actin (red
in left panel), or vinculin (red in right panel). Lower panel: 20X magnification, scale bar
shows 50 m. Upper panel: 40X magnification, scale bar shows 10 m. n=6, *p<0.05;
**p<0.01; ***p<0.001. Experiments were repeated three times with similar results.
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2.4.3 Adhesion to CTGF Promotes Cytoskeletal Reorganization, Cell Spreading and
Rac Activation in Osteoblasts
Regulation of cytoskeletal reorganization is an important aspect of integrin
dependent cell adhesion to extracellular matrix proteins (Huveneers and Danen, 2009).
To investigate the effects of osteoblast adhesion to CTGF on cytoskeletal reorganization
and cell spreading, we compared cells that were cultured for eight hours on substrates of
CTGF, BSA (negative control) or fibronectin (positive control) (Fig. 2.4.3 A and B).
Immunofluorescence staining of actin filaments and vinculin demonstrated that cells
attached to CTGF had a more uniform, rounded shape, compared to cells attached to
fibronectin, which exhibited a more polarized appearance (Fig. 2.4.3 A). It is interesting
to note that this difference in shape was more pronounced at earlier time points; many of
the cells on CTGF had a more polarized appearance by 24 hours (see Fig. 2.4.3 C).
Quantification of cell area demonstrated that cells plated on CTGF spread well, compared
to BSA, but not to the same extent as cells on fibronectin (Fig. 2.4.3 B). We next
examined if osteoblast adhesion/spreading on CTGF results in the activation of Rac1, a
key signaling molecule in the regulation of cell spreading (Price et al., 1998; DeMali et
al., 2003). We performed Rac1 activation assays on cells cultured on dishes coated with
BSA, fibronectin, or CTGF or on uncoated dishes (negative control) for 2 hours.
Activation of Rac1 occurred in cells cultured on fibronectin and CTGF compared to BSA
or uncoated controls, with highest levels of active Rac1 observed in cells cultured on
fibronectin (Fig. 2.4.3 C). Total Rac levels were similar in under all conditions (Fig. 2.4.3
C). Collectively, these data support a role for CTGF as matrix protein that promotes
cytoskeletal reorganization, spreading and Rac activation in osteoblasts.
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Figure 2.4.3 Osteoblast adhesion to CTGF matrix induces Rac activation and cell
spreading. (A) Immunofluorescence staining of F-actin in osteoblasts cultured on 1%
BSA, 2 g/ml of CTGF or fibronectin coated slides for 8 hours at 37°C. 20X
magnification. Scale bar = 50 m. (B) Cell spreading area of osteoblasts cultured on
BSA, CTGF or fibronectin for 8 hours and immunofluorescence stained for actin were
measured by ImageJ; n= 50. **p<0.01; ***p<0.001. (C) Western blot analysis of active
Rac1, total Rac1 and actin to study Rac1 activation levels. Osteoblasts were cultured for
2 hours on uncoated plates or plates coated with BSA, CTGF or fibronectin.
Abbreviations: fibronectin (FN) and negative control (Cont).

2.4.4 CTGF Matrix Enhances Osteoblast Differentiation and Matrix Mineralization
Previous in vivo and in vitro studies have demonstrated a role of CTGF in
osteogenesis and early stages of osteoblast differentiation. To examine the effect of
osteoblast adhesion to a CTGF matrix on subsequent differentiation, we cultured
preosteoblastic cells (MC3T3-E1) on a matrix of CTGF or BSA (negative control) coated
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plates under osteogenic conditions (see Materials and Methods for details). After 14
days, we assessed osteoblast maturation by alkaline phosphatase (ALP) staining (Fig.
2.4.4 A) and activity (Fig. 2.4.4 B). The results demonstrated a more robust staining for
ALP and significantly higher enzyme activity in cells cultured on CTGF compared to
BSA (Fig. 2.4.4 A and B). Next, we evaluated bone nodule formation and matrix
mineralization at day 35 of culture. Staining for Alizarin red showed large, well-formed
nodules in cells cultured on the CTGF matrix compared to BSA (Fig 2.4.4 C). The
number (Fig. 2.4.4 D) and area (Fig. 2.4.4 E) of nodules were also significantly greater
on CTGF compared to BSA. These data demonstrate that preosteoblasts grown on a
CTGF matrix results in enhanced osteogenic differentiation, bone nodule formation and
matrix mineralization.
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Figure 2.4.4 Osteoblast adhesion to CTGF matrix enhances osteoblast maturation
and matrix mineralization. (A) Alkaline Phosphatase (ALP) staining of osteoblasts
cultured on 2 g/ml CTGF or 1% BSA coated plates for 14 days. All pictures have 4X
magnification. Scale bar = 2 mm; n=9. (B) ALP activity quantified at day 14 of culture
and normalized to total protein content. (C) Alizarin red staining of osteoblasts cultured
on 2 g/ml CTGF or 1% BSA coated plates for 35 days; n=9 (D) Number of nodules
formed after 35 days of culture. (E) Area of nodules measured by ImageJ software.
**p<0.01; ***p<0.001.

2.4.5 Osteoblasts Cultured on a CTGF Matrix Activate an Important Osteoblast
Differentiation Signaling Pathway
The MAPKinase signaling pathway (including FAK and ERK1/2), which
activates Runx2, is a well-known signaling pathway leading to osteoblast differentiation
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(Xiao et al., 2000). To examine if osteoblasts cultured on CTGF results in activation of
these signaling molecules, we cultured cells on CTGF or BSA (negative control) for a
period of 7 days and compared expression of activated and total FAK and ERK1/2
proteins (Fig. 2.4.5 A-F). Western blot analyses demonstrate that osteoblasts on CTGF
expressed higher levels of both activated and total FAK and ERK (Fig. 2.4.5 A-F). We
also performed Western blots to examine the short term activation of FAK and ERK (up
to 2 hours post-plating) after seeding onto CTGF or BSA, and observed a rapid (within
30 minutes) increase in activation of both signaling molecules (data not shown).
Runx2 is a critical transcription factor for osteoblast differentiation that has been
shown to regulate the transcription of other essential proteins such as osteocalcin (Ducy
et al., 1997; Merriman et al., 1995). To investigate if culturing osteoblasts on a CTGF
matrix has an effect on Runx2 transcriptional activity, we performed chromatin
immunoprecipitation (ChIP) assays to analyze Runx2 binding occupancy on the
osteocalcin gene promoter (Fig. 2.4.5 G). Cells cultured on CTGF for 7 days showed a
significant increase in Runx2 binding occupancy compared to cells on BSA or uncoated
plates (Fig. 2.4.5 G). Collectively, these data demonstrate that osteoblasts cultured on
CTGF results in sustained up-regulation and activation of FAK and ERK, as well as
increased Runx2 binding occupancy of the osteocalcin gene promoter. Increased
transcriptional activity of the osteocalcin gene is consistent with terminal differentiation
of osteoblasts and mineralization of the matrix that they produce.
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2.4.5 Osteoblast adhesion to CTGF matrix induces FAK, ERK and Runx2
activation. (A) Western blot analysis of p-FAK, total FAK and actin protein levels at
day 7 of osteoblast culture on 2 g/ml CTGF or 1% BSA coated plates while treated with
osteogenic medium (B) P-FAK levels were normalized to actin. (C) Total FAK levels
were normalized to actin. (D) Western blot analysis of p-ERK, total ERK and actin
protein levels at day 7 of osteoblast culture on 2 g/ml CTGF or1% BSA coated plates.
(E) P-ERK levels were normalized to actin. (F) Total ERK levels were normalized to
actin. (G) ChIP assay performed on osteoblasts cultured on CTGF coated, BSA coated or
uncoated plates for 7 days while treated with osteogenic medium. Runx2 antibody or
acetyl-Histone H4 antibody (positive control) used for chromatim immunoprecipitation.
Quantitative PCR was performed using osteocalcin gene promoter primers. n=3,
***p<0.001.
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2.5 Discussion
In this study, we investigated the properties of osteoblast adhesion to a CTGF
matrix and the functional consequences of this interaction. We demonstrated that
osteoblasts attach to CTGF in a concentration dependent manner, that the v1 integrin is
the primary osteoblast receptor for CTGF, and that the binding site for osteoblast
adhesion is contained within the fourth domain of CTGF. We showed that osteoblasts
spread well on a CTGF matrix through activation of Rac1 and they form focal adhesions
containing clusters of integrins that can activate the FAK/ERK signaling pathway.
Osteoblasts cultured on a CTGF matrix demonstrated enhanced bone nodule formation
and matrix mineralization, and increased osteogenic differentiation was accompanied by
increased Runx2 binding occupancy of the osteocalcin promoter.
Cell attachment is mediated by direct ligation of the integrin extracellular
domains with defined sequences within ECM proteins (Hynes, 2002). Most of our
current knowledge of CTGF-integrin interactions comes from studies using non-skeletal
cells (Arnott et al., 2011). CTGF serves as both an adhesive substrate for cells, and a
molecular bridge between other ECM proteins, such as fibronectin (Hoshijima et al.,
2006). This adhesive process is sufficient to induce distinct cellular responses consistent
with CTGF being a secreted, ECM-associated protein that exhibits remarkable functional
diversity, influencing cell proliferation, migration/chemotaxis, differentiation, survival
and matrix production in various different cell types (Gao and Brigstock, 2005a; Gao and
Brigstock, 2005b; Cicha et al., 2005; Huang et al., 2013; Kiwanuka et al., 2013;; Yang et
al., 2013).
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Our study reveals some important aspects of the interaction between osteoblast
cell surface integrins and CTGF. We demonstrated that the 1 integrin subunit is critical
for osteoblast adhesion to CTGF. Based on the relative amount of CTGF that bound to
v1, as compared to 21 or 51, it appears to be the primary integrin heterodimer
involved in osteoblast adhesion to CTGF. We demonstrated that HSPGs act as coreceptors to promote the osteoblast integrin-CTGF adhesive interaction. This finding is
consistent with integrin-CTGF interactions described in other cell types (Gao and
Brigstock, 2004; Ball et al., 2003). Two members of the HSPG family, namely Syndecan
1 and 4, have been shown to localize to sites of cell-matrix adhesion where they have
been shown to play a synergistic role with cell surface integrins in mediating cell
adhesion (Borset et al., 2000; Wilcox-Adelman et al., 2002).
Our results also showed that CTGF is capable of inducing osteoblast adhesion in
the presence of two major divalent cations in bone, Mg++ and Ca++. The importance of
these cations in osteoblast-CTGF interaction comes from the fact that balance of each
divalent cation concentration and their binding to integrin subunits is a critical factor in
integrin activation (Zhang and Chen, 2012). The synergy and regulatory effect of these
cations is of special importance given that the adhesive interaction between v1 and
CTGF is taking place at the bone microenvironment with dramatic fluctuations of these
cations during osteoclast-mediated bone resorption.
Integrins typically bind to their protein ligands in an RGD-dependent fashion
which constitutes the major recognition system in cell adhesion (Ruoslahti, 1996).
Alternatively, there are an increasing number of interactions between integrins and their
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ligands that occur in a non-RGD-dependent manner, including the CTGF protein which
does not contain an RGD sequence in any of its domains. We screened the fourth domain
of the CTGF protein sequence for other known integrin recognition sites: these include
the sequence Asp-Gly-Glu-Ala (DGEA) which is present in collagen and is recognized
by 21; the sequence Glu-Ile-Leu-Asp-Val (EILDV) which is present in fibronectin and
binds to 41; and the sequence Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER) in collagen type I
that binds to 11 and 21 integrins (Hynes, 1992; Knight et al., 2000). Gao and
Brigstock identified specific and independent recognition sequences within the fourth
domain of CTGF, which mediate the adhesion of hepatic stellate and pancreatic stellate
cells via the v3 and 5 integrins, respectively, in these two cell types (Gao and
Brigstock, 2004; Gao and Brigstock, 2006). Similar studies, such as applying blocking
peptides, are warranted to identify the recognition sequence for osteoblast adhesion to
CTGF via the v1 integrin.
Rac is a member of the Rho family of small GTPases. Rho GTPases control
signaling pathways that link integrin ligand binding to the assembly and disassembly of
actin cytoskeleton (DeMali et al., 2003; Hall, 2005). Activation of Rac induces the
formation of lamellipodia, enhances cell spreading, and regulates formation of focal
contacts that grow in size to form focal adhesions as a crucial site for regulation of
integrin outside-in signaling pathways (Price et al., 1998; DeMali etal., 2003; Hall.,
2005; Petit and Thiery, 2000). Previous studies have demonstrated that the interaction of
integrins with ECM is not sufficient for formation of focal adhesions and downstream
signaling activation in absence of functionally active Rho/Rac GTPases (Hotchin et al.,
1995). One study on mouse embryonic fibroblasts (MEFs) showed Rac1-null MEFs were
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defective in lamellipodia formation, cell spreading, cell adhesion to fibronectin, and focal
adhesion formation. Rac1 deletion in MEFs caused significant reduction in
phosphorylation of signaling molecules including ERK (Guo et al., 2006). In MC3T3-E1
cells, a previous study showed that pharmacological inhibition of Rac1 reduced cell
adhesion, spreading and proliferation (Jung et al., 2011). In addition to providing an
adhesive matrix for osteoblasts and an integrin binding site, we have shown that
osteoblast adhesion to CTGF causes actin cytoskeletal reorganization, promotes cell
spreading and the formation of focal adhesions through activation of Rac1, an event that
is required for the activation of downstream signaling pathways.
Osteoblasts express various integrin receptors that interact with ECM proteins and
regulate their growth and differentiation (Grzesik and Roby, 1994; Majeska et al., 1993).
Studies have demonstrated that osteoblast adhesion to matrix proteins, such as type I
collagen and fibronectin, through integrin receptors located in focal adhesions is
necessary for their differentiation (Moursi et al., 1997; Mizuno et al., 2000; Schneider et
al., 2001). The importance of these integrin-ECM interactions has been illustrated in
studies demonstrating that disruption of these interactions blocks osteoblast
differentiation (Franceschi, 1999). Our results showed that osteoblasts cultured on CTGF
exhibited enhanced bone nodule formation and matrix mineralization, confirming that
this integrin (v1)-ECM (CTGF) interaction stimulates osteoblast growth and
differentiation.
Previous studies on osteoblasts have shown that Runx2 is downstream of the
FAK/ERK signaling pathway which is activated by matrix protein-integrin receptor
interactions (Xiao et al., 2000; Xiao et al., 1998). Runx2 induces expression of important
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bone matrix proteins such as collagen type I, fibronectin, osteopontin, bone sialoprotein
and osteocalcin (Ducy et al., 1997; Harada et al., 1999; Jimenez et al., 1999;
Thirunavukkarasu, 2000). Our data demonstrate that osteoblasts cultured on a CTGF
matrix enhances the expression of total and phosphorylated forms of both FAK and ERK,
and also increases Runx2 binding to the osteocalcin gene promoter. These studies
provide a mechanistic explanation for the anabolic role of CTGF in bone formation and
skeletogenesis that has been alluded to in previous in vivo and in vitro studies (Nishida et
al., 2000; Ivkovic et al., 2003; Safadi et al., 2003; Lambi et al., 2012;Arnott et al., 2011).
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CHAPTER 3
CTGF REGULATES OSTEOBLAST CYTOSKELETAL REORGANIZATION
AND MOTILITY
3.1 Abstract
Previous studies demonstrated that although CTGF can serve as an adhesive
matrix protein, its principal role is to modulate the function of other matrix proteins.
Fibronectin is one of the most important glycoproteins in bone matrix with important
regulatory effects on osteoblast functions including cytoskeletal reorganization. In the
first part of our study, we used fibronectin as a positive control and our data supported
high osteoblast adhesion, spreading and Rac activity following culture on fibronectin
matrix. In the second part of our study, we tried to better understand the role of
endogenous CTGF in regulation of osteoblast adhesion, spreading and migration on
fibronectin matrix. For this purpose, we used primary osteoblasts isolated from CTGF
knock out (KO) mice, their wild type (WT) littermate, or WT osteoblaststs infected to
over express CTGF (CTGF OE). First, we analyzed the adhesion level of osteoblasts to
fibronectin coated wells and confirmed the highest adhesion level in osteoblasts
overexpress CTGF and impaired adhesion in CTGF KO osteoblasts. Interestingly, KO
cells adhesion to the rCTGF matrix was also impaired and rCTGF in matrix could not
compensate for lack of endogenous CTGF in those cells. Next, we performed an
immunofluorescence staining to visualize actin filaments and vinculin in osteoblasts
cultured on fibronectin coated slides. Fluorescent microscopy demonstrated enhanced cell
spreading in osteoblasts that overexpress CTGF compared to WT cells, while KO cells
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did not spread well and mostly showed polarized morphology. The Rac activity assay
demonstrated higher Rac expression and activity in CTGF OE osteoblasts, whereas KO
cells showed very low Rac expression and activity. Next, we studied the effect of
endogenous CTGF on osteoblast motility on fibronectin matrix. The migration assay
demonstrated that, CTGF KO osteoblasts migrate faster than WT cells while, CTGF OE
cells were the slowest. In confirmation of migration assay, Rho activity assay showed
high Rho expression and activity in KO cells, while those amounts were low in CTGF
OE osteoblasts. Together, this study suggested a role for endogenous CTGF in
osteoblasts adhesion, spreading and migration on fibronectin matrix. We confirmed that
changes in CTGF expression level have a huge effect on osteoblast cytoskeletal
reorganization through regulation of Rho GTPases. The regulatory effect of CTGF on
Rho GTPases is of a great importance, knowing that these molecules are the key players
in many cell processes including cell adhesion, spreading, migration, proliferation,
survival, and also gene transcription.

3. 2 Introduction
CTGF has a multi-modular structure and each domain of CTGF binds to a variety
of matrix proteins, growth factors, enzymes and receptors (Arnott et al, 2011). In the first
part of our study, we investigated the role of CTGF in osteoblast differentiation through
direct binding to integrin receptors and activation of critical signaling molecules.
However, many studies in various cell types have demonstrated that the principal role of
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CTGF is to regulate function of other matrix proteins (Hoshijima et al., 2006; Gao and
Brigstock, 2004; Abreu et al., 2002; Arnott et al., 2011).
Fibronectin is one of the matrix proteins that binds to the CTGF molecule and
CTGF modulates its functions (Chen et al., 2004). Previous studies in chondrocytes and
keratinocytes have shown that cell adhesion to fibronectin matrix was enhanced upon
addition of rCTGF to the culture (Hoshijima et al., 2006; Kiwanuka et al., 2013).
Another study on CTGF KO fibroblasts cultured on fibronectin matrix has shown
reduced cell adhesion, spreading and stress fiber formation and also impaired FAK/ERK
signaling activation compare to WT fibroblasts (Ball et al., 2003). These studies have
demonstrated that, in absence of CTGF, fibronectin could not play its crucial role in cell
adhesion, cytoskeletal reorganization and activation of important signaling molecules.
Some studies have hypothesized that CTGF plays this regulatory role through its
potential to bind to both fibronectin and integrin receptors. However, the exact
mechanism underlying this effect has never been investigated.
Fibronectin is an important bone matrix glycoprotein that is highly adhesive for
osteoblasts and is potent to enhance osteogenic differentiation (Schneider and Burridge,
1994; Moursi et al., 1996; Sogo et al., 2007). In present study, we investigated the role of
endogenous CTGF in mediating osteoblast adhesion and spreading on fibronectin. For
this purpose, we examined if changes in CTGF expression by osteoblasts results in
changes in osteoblast adhesion and spreading on fibronectin matrix. In addition, to better
understand the function of CTGF, we analyzed changes in Rho GTPases activation as key
regulators of cell cytoskeletal reorganization (Hall, 2005).
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The Rho GTPases (Rho, Rac,Cdc42) control signaling pathways that link integrin
ligand binding to the assembly and disassembly of actin cytoskeleton (DeMali et al.,
2003; Hall, 2005). Activation of Rho GTPases following integrin binding to the ECM
proteins is necessary for cell adhesion, spreading, migration and focal adhesion formation
(Hotchin et al., 1995; Jung et al., 2011; Hall, 2005). Rac activation induces lamellipodia
formation and cell spreading, while Rho activation enhances formation of actomyosin
filaments and induces cell migration (DeMali et al. 2003). In addition to control the
organization of actin cytoskeleton, Rho GTPases contribute in regulation of cell cycle,
vesicle transportation and gene transcription, and as a result play a role in regulation of
various cell functions and biological activities (Hill et al., 1995; Minden et al., 1995;
Coso et al., 1995; Hall, 2005).
In present study, using primary osteoblasts isolated form CTGF KO mice, WT
mice, or WT osteoblasts infected to overexpress CTGF, we analyzed whether
endogenous CTGF plays a role in cell adhesion, spreading and migration on fibronectin
matrix, and if so, which signaling molecules are involved in this process. We hypothesize
that, alternation in levels of CTGF expression, results in changes in osteoblast adhesion,
spreading and migration abilities, and CTGF plays this role through regulation of key
players in cell cytoskeleton reorganization.

3.3 Materials and Methods
Source of animals
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CTGF hetrozygot mice (CTGF +/Lacz) were used as breeders to obtain CTGF
Knock out (KO) mice as previously described (Crawford et al., 2009). Animals were
maintained and used according to the principals in the NIH guide for the Care and Use of
Laboratory Animals (U.S Department of Health and Human Services, Publ. No. 86-23,
1985) and guidelines established by the IACUC of Temple University.
Primary Osteoblast Isolation
Primary osteoblasts isolated from calvaria of mice embryos (day 18.5) after
genotyping to identify WT and KO embryos. Calvaria pieces were subject to a series of
digestions of 5,15, 20, 15 minutes at 37 °C applying digestion media (0.1% collagenase
(Sigma)/ 2.5% trypsin ). The osteoblasts was obtained from the last digestion were
cultured ( 5x 105 cell/plate) in 100mm Corning culture dishes in Alpha Minimal Essential
Medium (-MEM: Mediatech) containing 10% fetal bovine serum ( HyClone). Cells
incubated at 37°C with 5% CO2. The osteoblasts from passage 2 to 4 were used in
experiments (Mundy et al., 2013).
Adenoviral CTGF infection of primary osteoblasts
Primary WT osteoblasts were cultured in 100 mm dishes and at 70% confluency,
cells were infected with a recombinant CTGF adenovirus tagged with a green
fluorescence protein (GFP) provided by Dr. Tong-Chuan He (He et al., 1998).
Western blotting
CTGF WT, KO, and OE (over express) osteoblasts’ culture dishes were washed
with cold 1X PBS and cells were lysed in 1X RIPA lysis buffer (Millipore) containing
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1% protease inhibitor (Sigma-Aldrich) then incubated for 1 hour at 4°C. Protein
concentration of lysates was determined using BCA Protein Assay Kit (Pierce
Biotechnology). Membranes were blocked with LI-COR® Blocking Buffer ( LiCore
Biosciences) for 1 hour at room temperature and then incubated with a goat polyclonal
anti-CTGF antibody(Santa Cruz) diluted 1:200 in blocking buffer overnight at 4°C.
Membranes were washed with 1X PBS- 0.1%Tween20 and incubated with anti-goat
IRDye ® 800 CW (1:5000) diluted in blocking buffer. Membrane was scanned using the
LI-COR Odyssey Infrared Imaging System.
Adhesion assay
A ninety six-well non- tissue culture treated plate (Falcon® Becton Dickinson)
was coated with fibronectin (Sigma-Aldrich) , rCTGF (ProSpect) or 1% BSA (Fisher
Scientific) in PBS and was left to dry in a tissue culture hood. To block non specific
binding sites in coated wells, 1% BSA was added to the wells and the plate was incubated
at 4°C for 1 hour. BSA was discarded and wells were washed with 1X PBS prior to
adding 3 x104 primary osteoblasts to the wells and incubation at 37°C for 45 minutes.
Wells were washed with 1X PBS. CyQuant® NF dye (Invitrogen) was added to each
well and the plate was incubated at 37°C for 1 hour. Fluorescence was measured using a
microplate reader with excitation at ~485 nm and emission detection at ~530 nm.
Relative fluorescence units (RFUs) were converted to cell number using standard curve
made by performing adhesion assay for different cell numbers.
Immunofluorescent staining and cell spreading assay
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Glass chamber slides (Nalge Nunc International) were coated with 2 g/ml
fibronectin (Sigma-Aldrich) in PBS and were left to dry in a tissue culture hood. 2x103
primary osteoblasts in serum free media were added to chambers and incubated at 37°C
for 8 hours. Cells were fixed with 4% paraformaldehyde in phosphate buffer (Affymetrix,
Santa Clara, CA) for 15 minutes, washed 3 times with washing buffer (1X PBS
containing 0.05% Tween20) and then blocked with blocking solution (2.5% BSA in PBS)
for 30 minutes at room temperature. After fixation, 1:500 mouse monoclonal anti
vinculin (Millipore) diluted in blocking solution was added to the chambers, which were
then incubated overnight at 4°C. After 3 washes with washing buffer, fluorescence
secondary antibodies conjugated to DyLight™ 488 (Jackson Immunoresearch) and
diluted 1:2000 in blocking solution, or TRITC-conjugated phalloidin (Millipore) diluted
1:5000 in blocking solution, were added to the chambers, which were then incubated for
1 hour at room temperature. After 3 washes with washing buffer, the chamber slides were
cover slipped using Vectashield ® mounting medium with Dapi fluorescence (Vector).
Fluorescence imaging was performed using a Nikon E1000. Cell spreading areas were
measured using ImageJ.
Migration assay
A scratch assay was performed on 100% confluent 60 mm culture dishes coated
with fibronectin (2g/ml) using a 10l pipet tip. Cells were serum starved 24 hours prior
to scratch assay and imaging started immediately after making the scratch using a Nikon
Eclipse TE300 inverted microscope. Cell free areas were measured using ImageJ.
Rac activity assay
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The Rac activity assay was performed on primary osteoblasts cultured for 2 hours
in tissue culturedishes coated with 2g/ml fibronetin (Sigma-Aldrich) or uncoated dish
(negative control) in a serum free medium. A Rac1 Activation Assay Biochem Kit™
(Cytoskeleton) was used to pull down active Rac1. Then, 300 g of total cell protein was
incubated with 10 g PAK-PBD beads, and incubated for 1 hour at 4°C. Beads were
washed once with the kit’s washing buffer. After centrifugation, 20 l of Laemmli
sample buffer containing 5% -mercaptoethanol was added to the beads and samples
were boiled for 2 minutes. Western Blot analysis was performed on the samples using a
mouse monoclonal ( 1:1000) anti-Rac1 primary antibody (Cytoskeleton) and 1:5000
horseradish peroxidase conjugated to a donkey anti- mouse secondary antibody (Jackson
Immunoresearch). Bands were visualized with using a chemiluminescence detection
system (Thermo Scientific).
Rho activity assay
Rho activity assay was performed on primary osteoblasts cultured for 30 minutes
on dishes coated with 2g/ml fibronetin (Sigma-Aldrich) in a serum free medium. A
RhoA Activation Assay Biochem Kit™ (Cytoskeleton) was used to pull down active
RhoA. For this purpose, 300 g of total cell protein was incubated with 10 g RhotekinRBD beads, and incubated for 1 hour at 4°C. For negative control, 300 g of WT cells
lysate was incubated with GDP for 15 minutes before incubation with 10 g PAK-PBD
beads. Beads were washed once with the kit’s washing buffer. After centrifugation, 20 l
of Laemmli sample buffer containing 5% -mercaptoethanol was added to the beads and
samples were boiled for 2 minutes. Western Blot analysis was performed on the samples
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using a mouse monoclonal ( 1:1000) anti-RhoA primary antibody (Cytoskeleton) and
1:5000 horseradish peroxidase conjugated to a donkey anti- mouse secondary antibody
(Jackson Immunoresearch). Bands were visualized using a chemiluminescence detection
system (Thermo Scientific).
Statistical analysis
One-factor analysis of variance (ANOVA) was performed to evaluate the effect of
each variable on two or more independent groups. In the event of a significant group
effect, a Bonferroni post-test was performed to compare selected pairs of group means.
Adjusted p values are reported. Any difference with a probability value less than 0.05
was considered statistically significant.

3.4 Results
3.4.1 Increase in Endogenous CTGF Expression Enhances Osteoblast Adhesion
In the first part of our study, we have confirmed that fibronectin provides an ideal
adhesive matrix for osteoblast adhesion. To evaluate whether different levels of
endogenous CTGF expression affect osteoblast adhesion to fibronectin matrix (2 g/ml),
we conducted an adhesion assay using CTGF KO osteoblasts, WT osteoblasts or WT
cells infected to overexpress CTGF (OE) (Fig. 3.4.1 B). The lack of CTGF expression in
KO cells, as well as several folds of increase in CTGF expression in CTGF OE
osteoblasts were confirmed by a western blot analysis (Fig. 3.4.1 A).The adhesion assay
demonstrated a significant increase in osteoblast adhesion to fibronectin in CTGF OE
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cells, while absence of CTGF in KO cells impaired osteoblast adhesion (Fig. 3.4.1 B).
Next, we investigated if using a rCTGF matrix (2g/ml) improves adhesion of KO cells.
Interestingly, rCTGF in matrix could not compensate for the lack of CTGF in KO cells
and these cells still showed the lowest adhesion level. The CTGF OE osteoblasts still
exhibited the highest number of cells adhered to the matrix (Fig. 3.4.1 B). We repeated
this assay using vitronectin and collagen type I coated wells as well as uncoated wells,
and in all cases, CTGF KO cells exhibited lower adhesion compared to the WT cells
(data not shown). Furthermore, to determine if low expression of integrin receptors in
KO cells is a reason for diminished cell adhesion, we performed flow cytometry to detect
and compare expression level of integrins (v,2,5,1,3,5) in WT and KO cells (data
not shown).The result showed an equal expression of each integrin receptor in both cell
types. Collectively, these data demonstrate that endogenous CTGF expression is
necessary for osteoblast adhesion to different matrices and the increase in endogenous
CTGF expression improves cell adhesion. In addition, we showed that short time
exposure of KO osteblasts to rCTGF could not compensate for the lack of CTGF in these
cells and did not improve their adhesion. Together, our data suggests that changes in
endogenous CTGF expression may contribute into the regulation of molecules
downstream of integrin receptors.
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Figure 3.4.1 The effect of endogenous CTGF expression on osteoblast adhesion. (A)
Western blot analyzing CTGF expression level in CTGF WT, KO and OE cell lysates.
(B) Adhesion assay for primary osteoblasts (WT, KO, OE) cultured on BSA (negative
control), fibronectin (2g/ml) or rCTGF (2g/ml). n=6, *p<0.05; **p<0.01.

3.4.2 Increase in Endogenous CTGF Expression Enhances Osteoblast Spreading
The first part of our study has shown enhanced cell spreading and also high levels
of Rac activity in osteoblasts cultured on fibronectin matrix. To further investigate the
importance of the endogenous CTGF on osteoblast spreading on fibronectin, we coated
slides with 2g/ml fibronectin prior to culture CTGF WT, KO and OE osteoblasts for 8
hours. Immunofluorescence staining for actin and vinculin confirmed a significant
difference in cell spreading area and cytoskeletal organization of those cells (Fig. 3.4.2
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A). Osteoblasts over express CTGF showed enhanced cell spreading compared to WT
cells, and both WT and OE osteoblasts developed many focal adhesions. In contrast,
CTGF KO cells did not spread well on fibronectin matrix, they formed less focal
adhesions, and most of the cells exhibited a polarized morphology (Fig. 3.4.2 A).
Furthermore, cell spreading area measurement confirmed a significant difference in cell
sizes (Fig. 3.4.2 B). This difference in cell sizes was detectable in all time points of cell
culture from 1 hour to 8 hours and was also detectable in cells cultured on rCTGF coated
slides for 8 hours (data not shown). To investigate if endogenous CTGF affected Rac1
activity, as an important regulator of cell adhesion, spreading and focal adhesion
formation (Hotchin et al., 1995 Guo et al., 2006), we conducted a Rac activity assay to
compare Rac1expression and activity in primary osteoblasts (Fig. 3.4.2 C). Our data
confirmed higher Rac activity in CTGF OE osteobasts compare to WT cells, while we
did not detect active Rac in KO cells. Interestingly, our result showed that, the total
expression of Rac varies in those primary cells. The CTGF OE osteoblasts expressed the
highest amount of Rac while this amount was very low in KO cells (Fig. 3.4.2 C).
Collectively, we confirmed that CTGF expression was necessary for osteoblast
adhesion and spreading on fibronectin matrix. Furthermore, we revealed that endogenous
CTGF had a regulatory effect on Rac expression and activity in osteoblasts. The low
level of Rac expression can be a reason for CTGF KO cells impaired cell adhesion and
spreading on different matrix proteins including rCTGF (Fig. 3.4.1 B).
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Figure 3.4.2 Endogenous CTGF expression affects osteoblast spreading through
changes in Rac expression and activation. (A) Immunofluorescence staining of primary
osteoblasts (KO,WT and OE) cultured on fibronectin coated slides for 8 hours at 37°C.
Cells stained for vinculin (green), F-actin (red), and dapi was used to stain nucleus (blue).
20X magnification, scale bar shows 50 m. (B) Cell spreading area of primary
osteoblasts cultured on fibronectin for 8 hours and imunofluorescence stained for actin
were measured by ImageJ (C) Rac activity assay for primary osteoblasts cultured on
fibronectin coated dishes for 2 hours in serum free media. WT cells cultured on uncoated
dish in serum free media used as the negative control for Rac activity. n= 50.***p<0.001.

3.4.3 Increase in Endogenous CTGF Expression Diminishes Osteoblast Motility
Different morphology of KO osteoblasts compare to WT cells, their migratory
feature, and cross talk between Rac and Rho molecules (DeMali et al., 2003; Burridge
and Wennerberg, 2004) encouraged us to analyze the cell motility and Rho activity in
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primary osteoblasts. For this purpose, we conducted a scratch assay to study the effect of
endogenous CTGF expression on cell migration. Using a 10 l pipet tip, we made a
scratch on confluent dishes of primary osteoblasts cultured on 2 g/ml fibronectin in
serum free media and then we took images of cell free area at different time points. After
18 hours of imaging, CTGF KO cells almost closed the gap, while WT and OE cells
exhibited a slower migration pace (Fig. 3.4.3 A). To investigate if the activation of RhoA
as an important signaling molecule in cell migration (DeMali et al., 2003) is changed in
our cells, we performed a Rho activity assay on primary osteoblasts cultured on
fibronectin matrix for 30 minutes (Fig. 3.4.3 B). The Rho activity assay confirmed our
migration assay results and we detected an increase in RhoA activity in KO cells compare
to WT cells, while this amount was decreased in OE cells. Interestingly, the total
expression of RhoA was not similar in the primary cells. The total RhoA expression in
CTGF OE cells, that migrate slowly, was the lowest, whereas KO cells showed an
increase in total Rho expression (Fig. 3.4.3 B). Together, these results demonstrated the
regulatory effect of CTGF on Rho expression and activity as well as osteoblast motility.
We showed that the increase in CTGF expression enhances cell adhesion and spreading,
while decreases cell motility. Previous studies also supported that there is a reverse
relation between osteoblast adhesion and spreading with its motility (Webb et al., 1999;
Palecek et al., 1997).
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Figure 3.4.3 Endogenous CTGF expression affects osteoblast motility through
changes in Rho expression and activation. (A) Cell migration assay for CTGF WT,
OE, or KO osteoblasts cultured on fibronectin for 24 hours in serum free media (B)
western blot analysis of activeRhoA, total RhoA, and actin to study the Rho activity in
primary cells cultured on fibronectin for 30 minutes in serum free media. Cell lysates
incubated with GDP prior to the pull down assay are used as negative control.
Abbreviations: fibronectin (FN) and negative control (Cont). n=12, *p<0.05;
***p<0.001.

3.5 Discussion
In the present study, we investigated the role of endogenous CTGF in cell
adhesion, spreading and migration on fibronectin as a potent adhesive matrix protein for
osteoblasts. In this study, we uncovered some novel findings on CTGF role in regulation
of osteoblast function. First, we showed that an increase in endogenous CTGF
expression improved both cell adhesive and spreading properties, while a loss of CTGF
expression impaired them. Second, we showed faster cell motility in CTGF KO
osteoblasts compare to WT cells. Previous studies in osteoblasts have also confirmed that
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cell migration rate is inversely related to cell adhesion level and cell spreading area
(Webb et al., 1999; Palecek et al., 1997). Third, we demonstrated that an increase in
CTGF expression by osteoblasts resulted in a significant increase in Rac expression,
whereas lack of CTGF expression diminished Rac expression in cells. At the same time,
higher CTGF expression in osteoblasts was followed by low RhoA expression and
activity, while in the absence of CTGF expression, RhoA was more expressed and
activated. According to these findings, we hypothesize that CTGF may play an important
role in bone formation by facilitating osteobast adhesion to important bone matrix
proteins.
Previous studies have shown that adding rCTGF to cell culture or using cells
overexpressing CTGF, enhanced cell adhesion and spreading on fibronectin matrix.
These studies have claimed that, CTGF potential for binding to both fibronectin and
integrin receptors is the logic behind CTGF-induced cell adhesion to fibronectin. Yet,
none of these studies investigated the mechanisms of CTGF effect. In addition, those
studies hypothesized that, lack of integrin receptors in KO cells may be the reason for
decrease in adhesion level, although, they never analyzed and compared integrin
expression in KO and WT cells. In present study, by using osteoblasts with normal
endogenous CTGF expression, cells that over express CTGF, or CTGF KO cells, we
demonstrated that, higher CTGF expression resulted in increased cell adhesion and
spreading, while the absence of CTGF expression completely impaired cell adhesion and
spreading, no matter if those cells were cultured on fibronectin. Furthermore, we showed
that this effect was not limited to osteoblasts cultured on fibronectin. The KO cells
cultured on vitronectin, collagen type I, or uncoated wells also exhibited impaired
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adhesion. These data demonstrated that endogenous CTGF effect on cell cytoskeletal
reorganization was general and independent from CTGF binding to fibronectin protein.
However, we continued our experiments on fibronectin matrix to show how much critical
is the CTGF expression for proper cells adhesion and spreading.
Our study showed that, changes in CTGF expression affect Rac and Rho
expression and activation in osteoblasts. The importance of Rac and Rho regulation by
CTGF will be better understood, knowing the role of Rho GTPases in bone formation. A
recent study has demonstrated that Rac expression was an important factor in the
regulation of mechanical stress-induced bone formation (Wan et al., 2013). In addition,
Onishi et al., 2013 and Yoshikawa et al., 2009 have demonstrated that, Rho kinase
inhibitor, as well as Rac dominant negative mutant, enhanced BMP-2 -induced
osteoblastic differentiation in C2C12 cells. Further studies can reveal if decreased
expression of Rac in CTGF KO cells is a reason for enhanced BMP-2-induced
differentiation in CTGF KO primary osteoblasts compare to the WT osteoblasts (Mundy
et al., 2013).
An important question remained unanswered in our study is, how the endogenous
CTGF can regulate Rac and Rho expression? We showed that the total expression of both
Rac and Rho were changed by the absence or the over expression of CTGF. However,
these changes were more significant in the case of Rac expression and activation. Our
spreading assay showed impaired spreading of CTGF KO cells cultured for 8 hours on
rCTGF coated slides. Noticing that, the long term exposure to rCTGF did not make a
change in CTGF KO phenotype and did not improve cell spreading, we hypothesize that
the lack of total Rac in KO cells is not a consequence of decreased protein synthesis or
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increased protein degradation. Perhaps, the transcription of Rac gene is diminished in
CTGF KO cells. Further experiments are needed to reveal the mechanism of CTGF effect
on regulation of the Rac expression. Previous studies demonstrated that CTGF is
localized in Golgi apparatus prior to secretion to extracellular matrix (Chen et al., 2001)
therefore we hypothesize that CTGF regulates Rho GTPases expression through binding
to the cell surface receptors and its effect on downstream signalings regulating Rho
GTPases transcription. Another important question to address is, does CTGF play a role
in regulation of both Rac and Rho expression, or does CTGF regulate one of these
molecules and the changes that we see in another one is the result of an inhibitory effect
of Rac and Rho on each other? (Burridge and Wennerberg, 2005; Huveneers and Danen,
2009). Our data exhibited more significant changes in total and active forms of Rac
compare to the changes in total and active forms of Rho. Therefore, it would be possible
that what we detected as low Rho activity in CTGF OE cells was a result of high
inhibitory effect of Rac over expression; and in contrast, high Rho activity in CTGF KO
cells was a result of removed inhibitory effect of Rac in those cells.
Our results significantly confirm that, CTGF has an important role in regulation
of cell adhesion, spreading and migration through regulation of Rho GTPases expression
and activation, however further studies are warranted to better understand the underlying
mechanisms whereby CTGF mediates this effect.
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CHAPTER 4
DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS
A role for CTGF in skeletal tissue was first suggested following a study in a rat
osteopetrotic model which demonstrated significant overexpression of CTGF compared
to their wild-type littermates (Xu et al., 2000). The study on the CTGF knockout mouse
model confirmed the importance of CTGF in skeletogenesis (Ivkovic et al., 2003).
Skeletal analysis of CTGF KO mice showed multiple skeletal dysmorphisms as a result of
impaired chondrogenesis and angiogenesis in the growth plates. Additionally, osteoblasts
derived from CTGF KO mice showed an impaired osteoblast differentiation, matrix
production and mineralization (Ivkovic et al., 2003; Kawaki et al., 2008; Arnott et al.,
2011). To date, several in vivo and in vitro studies suggested an anabolic role for CTGF
in bone formation by osteoblasts, although there is not enough information on the
mechanism of CTGF effect on osteoblast function. The aim of this dissertation was to
study the interaction between CTGF and osteoblast and to investigate the underlying
mechanisms whereby CTGF regulates two important osteoblast functions: cell
cytoskeletal reorganization and osteogenic differentiation.
Previous studies on CTGF demonstrated that, cells produce and secrete CTGF
into the ECM, and then CTGF regulates various cell functions via two different
mechanisms: 1) direct binding to the integrin receptors and activation of downstream
signaling pathways, or 2) interaction with other proteins in the ECM to regulate their
functions. In the first part of our study (chapter 2), using pure rCTGF matrix, we
analyzed effects of direct CTGF binding to its receptor on osteoblasts, while in the
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second part (chapter 3) we focused on the endogenous CTGF expression, and we studied
how osteoblast interaction with fibronectin matrix can be affected by CTGF.
Chapter 2. In this section, we first questioned whether CTGF can serve as an
adhesive matrix for osteoblasts? If so, is osteoblast-CTGF adhesion mediated by integrin
receptors? Our adhesion assay results confirmed that CTGF was highly adhesive for
osteoblasts and that adhesion had characteristics of an integrin mediated cell adhesion. In
addition, we demonstrated that, the fourth domain of CTGF provided the ligand binding
site for integrins (Fig. 2.4.1). Further studies are needed to identify the specific sequences
in the fourth domain that are involved in integrin binding. Next, we questioned which
integrin receptor is the main mediator of CTGF binding to osteoblasts? We answered this
question by blocking different integrins prior to cell adhesion to CTGF matrix and also
through an immunoprecipitation of integrins and immunoblotting for CTGF. Both
experiments confirmed that v1 is the main integrin receptor involved in osteoblast
adhesion to CTGF (Fig. 3.4.2).
Next, we evaluated whether osteoblast adhesion to CTGF results in proper cell
spreading, focal adhesion formation and Rac activation. Previous studies have shown that
these characteristics are important in an adhesion that has a potential to activate
downstream signaling pathways (Hotchin et al., 1995; Jung et al., 2011).
Immunofluorescence staining exhibited that, cells cultured on CTGF spread well and
formed many focal adhesions. In addition, we showed enhanced Rac activation in
osteoblasts cultured on CTGF (Fig. 3.4.3). Together, these data confirmed that adhesion
to CTGF matrix had a potential to activate important signaling molecules in osteoblasts
and as a result to regulate some cell functions.
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Next, we questioned whether adhesion to CTGF matrix can enhance osteogenic
differentiation in pre-osteoblasts? We performed ALP staining and activity as well as
Alizarin red staining and our results demonstrated that CTGF matrix enhances osteoblast
maturation and matrix mineralization (Fig. 3.4.4). These data led us to hypothesize that
an important signaling pathway in osteoblast differentiation (FAK/ERK/Runx2) could be
involved in osteoblast differentiation induced by CTGF. Western blot analysis confirmed
higher total FAK and ERK expression as well as FAK and ERK phosphorylation in
osteoblasts cultured on CTGF. Furthermore, ChIP assay showed increased binding of
Runx2 transcription factor to the osteocalcin gene promoter in osteoblasts cultured on
CTGF.
Together, this study for the first time provided a mechanistic explanation for
anabolic role of CTGF in osteogenesis, which has been shown in previous in vivo and in
vitro studies. Such studies enhance our knowledge about the molecular mechanism of
CTGF in skeletogenesis and help us to better understand the underlying reasons for
skeletal dysmorphism in CTGF KO mice. Moreover, these studies will be helpful in
identifying novel therapeutic targets to enhance bone formation in some clinical
conditions such as osteoporosis and fracture healing.
Chapter 3. In this section, we examined whether endogenous CTGF regulates
osteoblast interaction with fibronectin matrix. Fibronectin is a highly adhesive matrix
protein for osteoblasts and previous studies showed osteoblast adhesion to fibronectin
induces cell spreading and maturation. In chapter 2, using fibronectin as a positive
control, we confirmed high adhesion and spreading as well as focal adhesion formation
and Rac activity in osteoblasts cultured on fibronectin matrix. In chapter 3, we addressed
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whether secreted CTGF into the matrix regulates osteoblast-fibronectin interaction. First,
we conducted an adhesion assay and we found, an increase in CTGF expression in CTGF
OE osteoblasts, enhanced cell adhesion to fibronectin, whereas loss of CTGF in KO
osteoblasts impaired adhesion (Fig. 3.4.1). Next, we repeated the adhesion assay using
wells coated with other matrix proteins (vitronectin and collagen type I) or uncoated
wells, and in all cases CTGF OE osteoblasts showed enhanced adhesion, while adhesion
was impaired in KO cells. Therefore, we concluded that, CTGF expression is crucial for
osteoblast adhesion, and role of CTGF in regulation of osteoblast adhesion is not specific
to cells cultured on fibronectin matrix.
Another important question to address was, whether decrease in integrin receptors
expression in CTGF KO cells impaired their adhesion level? To address this question, we
detected expression level of six different integrins (v, on CTGF WT
and KO cells by flow cytometry. The result showed an equal expression of each integrin
in WT and KO cells. Since, these integrins are main mediators of osteoblast adhesion to
both CTGF and fibronectin proteins, therefore, in our adhesion assays there was no lack
of integrin receptor for ligand binding to osteoblasts.
Next, we showed that osteoblast spreading and total Rac expression and activity
was diminished in CTGF KO cells, while in CTGF OE osteoblasts we detected increased
cell spreading and Rac expression and activity (Fig. 3.4.2). Migration assay and Rho
activity assay demonstrated that, KO osteoblasts exhibited the fastest migration and the
highest Rho activity compared to the CTGF WT and OE osteoblasts (Fig. 3.4.3).
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Collectively, our results suggested a significant role for CTGF to regulate
osteoblast adhesion, spreading and migration through changes in important signaling
molecules involved in cell cytoskeletal reorganization. To increase our knowledge about
the mechanism of this effect, many questions still need to be addressed: Does CTGF
regulate signaling pathways that regulate Rac and Rho expression? If so, does CTGF
have an effect on Rac and Rho protein synthesis or degradation? Or does CTGF regulate
transcription of Rac and Rho genes? Another important question to answer is, whether
CTGF just regulates expression of one of these molecules and the changes we detect in
another one is a result of negative feedbacks between Rac and Rho?
Answer to these questions will not only increase our knowledge about the
mechanism of cell cytoskeletal reorganization and Rho GTPases regulation by CTGF, but
also will be helpful in finding some clinical applications for CTGF. To date, adhesive
matrix proteins such as fibronectin are widely used in tissue engineering to enhance
osteoblast adhesion and spreading on biomaterials for orthopedic applications
(Grigorescu et al., 2013; Pan et al., 2013). Our study suggests the potential of CTGF to
enhance biomaterials adhesive property.
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