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ABSTRACT
Src Kinase Signaling Regulates Connective Tissue Growth Factor (CTGF/CCNZ2)
Induction by Transforming Growth Factor-Beta 1 (TGF-b1) in Osteoblasts
XUEMEI ZHANG
Doctor of Philosophy
Temple University, 2010

Doctoral Advisory Committee Chair: Mary F. Barbe

Connective tissue growth factor (CTGF/CCN2) is a cysteine rich, extracellular
matrix protein that acts as an anabolic growth factor to regulate osteoblast
differentiation and function. In osteoblasts, CTGF is induced by transforming growth
factor beta 1 (TGF- 1) where it acts as a downstream mediator of TGF- 1 induced
extracellular matrix production. The molecular mechanisms that control CTGF induction
by TGF- 1 in osteoblasts are not understood. We have previously demonstrated the
requirement of Src, Erk and Smad signaling for TGF- 1 induced CTGF promoter activity
in primary osteoblasts, however the potential interaction among these signaling
pathways in osteoblasts remains unknown. In this study, we demonstrate that CTGF is
induced by TGF- 1 in rat osteosarcoma osteoblast like cells (ROS17/2.8). TGF- 1
activates Src and blocking of Src family kinases by PP2 abrogates TGF- 1 induced
CTGF up-regulation. Western blot analysis revealed that primary osteoblasts and ROS
17/2.8 cells express not only Src, but also other Src family members, such as Fyn, Yes

and Hck. In order to determine whether CTGF up-regulation is controlled by Src or
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other members, we used either kinase-dead dominant negative Src constructs in
primary osteoblasts or Src SiRNA in ROS17/2.8 cells to block Src function. Inactivation
of Src by both kinase-dead and siRNA prevented TGF- 1 induced CTGF induction,
demonstrating that TGF- 1 induced CTGF up-regulation is mediated only by Src not by
other members. In addition, we also demonstrated that Erk is activated by TGF- 1 and
that blocking of Erk activation using pharmacological inhibitors, PD98059 and U0126,
prevents TGF- 1 induced CTGF induction, demonstrating the requirement of Erk for
CTGF induction. These results prompted us to further explore the cross-talk between
Src, Erk and Smads in ROS17/2.8 cells.

Inhibition of Src using PP2 prevented Erk activation, demonstrating that Src is
upstream of Erk. To investigate how Src and Erk regulate the canonical TGF- 1
signaling pathway, including Smad2/3 phosphorylation and nuclear translocation of
activated Smads, we treated cells with TGF- 1 in the presence or absence of the Src
inhibitor, PP2, or the Erk inhibitors, PD98059 or U0126. PP2 pre-treatment prevented
the phosphorylation of Smad2/3 at both the SSXS motif and the linker region and
consequently blocked their nuclear translocation, demonstrating that Src can regulate
Smad signaling. In contrast, the Erk inhibitors did not have any effects on Smad
phoshorylation and/or nuclear translocation. To examine whether Erk can modulate
Smad signaling indirectly through the activation/ inactivation of required nuclear co-
activators/co-repressors that mediate Smad DNA binding, we used electro-mobility shift
assays. These experiments showed that inhibition of Erk activation impaired
transcriptional complex formation on the Smad binding element (SBE) and TGF-
responsive element (TRE) of the CTGF promoter, demonstrating that Erk activation is
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required for SBE and TRE transactivation. Taking together, these data demonstrate
that Src is an essential upstream signaling transducer for Erk and Smad signaling in
osteoblasts, and that while the Smad and Erk signaling cascades appear to function
independent of each other, they are both essential for the formation of a transcriptionally

active complex on the CTGF promoter.
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CHAPTER 1

INTRODUCTION

Osteoblasts are highly differentiated, biosynthetic cells that form bone through
production and secretion of extracellular matrix (ECM) that becomes mineralized to form
mature bone tissue (Sims, 2000). Osteoblast growth, differentiation and biosynthetic
activity are initiated and tightly regulated by systemic and local growth factors. Recently
connective tissue growth factor (CTGF/CCN2) has emerged as an important growth
factor in osteogenesis. CTGF is produced and secreted by osteoblasts where it acts in
an autocrine fashion as an anabolic growth factor to regulate osteoblast differentiation
and function (Arnott, et al., 2007; Nishida, Nakanishi, Asano, Shimo, & Takigawa, 2000;
Safadi, et al., 2003; Takigawa, Nakanishi, Kubota, & Nishida, 2003; J. Xu, et al., 2000).

Transforming growth factor beta 1 (TGF-b1) is another potent osteogenic growth
factor. One of TGF- 1 major effects on osteoblasts is its ability to stimulate the
production and secretion of extracellular matrix (ECM) (Bonewald & Dallas, 1994;
Centrella & Canalis, 1987; Hock, Canalis, & Centrella, 1990; Wrana, et al., 1988). A
recent study examined the functional connection between CTGF and TGF-b1l
demonstrating that CTGF is the downstream mediator of TGF-b1 induced extracellular
matrix production, such as fibronectin and type | collagen (Arnott, et al.). The signaling

pathways that mediate TGF- 1 induction of CTGF vary depending on the cell type being
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examined (Blom, Goldschmeding, & Leask, 2002), and we recently demonstrated that in
osteoblasts CTGF up-regulation by TGF- 1 required Smads, the mitogen-activated
protein kinase (MAPK), Erk, and Src signaling (Arnott, et al., 2008).

In general, TGF- 1 signals through a generic Smad mediated pathway involving
Smads 2, 3 and 4 (Shi & Massague, 2003). Upon TGF-b1 stimulation, Smads 2 and 3
are phosphorylated and form a trimetric complex with Smad 4. The Smad complex
subsequently translocates to the nucleus, where it binds to Smad binding elements
(SBE) in promoters of TGF- 1-responsive genes (Derynck & Zhang, 2003; Shi &
Massague, 2003). Transcriptional activation by Smads is not limited to the Smad-SBE
interaction alone but requires additional association of Smads with other transcription
factors and co-factors that together bind the SBE and adjacent cis-regulatory binding
elements (DNA motifs) (Feng & Derynck, 2005). Thus, Smad signaling is required, but
in most cases it is not sufficient by itself to achieve target gene activation. The requisite
additional transcription factors, co-factors and DNA motifs required for Smad
transcriptional activation of the CTGF promoter are cell type dependent and have not
been elucidated in osteoblasts. There are a number of studies to date that have shown
there a considerable amount of cross-talk between Smads and other signaling
pathways. TGF- receptors activate Smad-independent signaling pathways that can
regulate Smad activation and function (Derynck & Zhang, 2003). MAPKs (Erk1/2, p38
and Jnk) represent one group of downstream signaling transducers of TGF- 1 that can
regulate Smad activation and function (Derynck & Zhang, 2003). MAPKs have been
shown to directly regulate TGF- 1 induction of CTGF expression in some cell types

(Abdollah, et al., 1997; Y. Chen, et al., 2002; Leask & Abraham, 2003; Leask, Holmes,
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Black, & Abraham, 2003; Leivonen, Hakkinen, Liu, & Kahari, 2005; Utsugi, et al., 2003;
S. Xie, et al., 2005). We have recently demonstrated that Erk, but not p38 or Jnk, is
required for CTGF induction by TGF- 1 in osteoblasts (Arnott, et al., 2008). However,
the potential interaction between Erk and Smads for CTGF induction in osteoblasts has
not been investigated. This study also demonstrates that Src signaling is required for
CTGF induction by TGF- 1 in osteoblasts, and that Src is activated upon TGF- 1
treatment (Arnott, et al., 2008). Src activation following TGF- 1 treatment can occur as
a direct result of TGF- receptor activation (Sato, et al., 2005; Tanaka, Kobayashi,
Suzuki, Kanayama, & Terao, 2004). Studies have shown that Src can act as a
downstream signaling effector for TGF- 1 and can function upstream of Erk in some cell
types (Galliher & Schiemann, 2006; H. P. Kim, et al., 2004; J. T. Kim & Joo, 2002; Sato,
et al., 2005; Tanaka, et al., 2004; Varon, et al., 2006). Although our studies have
demonstrated that Smad, Erk and Src play important roles in TGF- 1 induction of CTGF
expression in osteoblasts, their potential interactions with one another have not been
investigated. It is not known whether Erk and Src cooperate with one another, function
independently of each other, or how they regulate Smad signaling. Therefore, the focus
of the studies presented in this dissertation is to investigate the potential interactions
between Src, Erk and Smad signaling during TGF- 1 induction of CTGF expression in

osteoblasts.



CHAPTER 2

REVIEW OF THE LITERATURE

Bone Formation

Bone is a specialized connective tissue that is dynamic and constantly modeled
and remodeled throughout the whole life. During embryonic development, all bones are
developed by one of two processes termed intramembranous and endochondral bone
formation. The flat bones of the skull, the mandible and maxilla are developed by
intramembranous bone formation while long bones are developed by endochondral
bone formation (Karsenty, 1999) (Yamaguchi, Komori, & Suda, 2000).

Intramembranous bone formation is a process in which bone is formed directly by
aggregation of mesenchymal cells that differentiate into mature osteoblasts.
Osteoblasts secrete type | collagen and other extracellular matrix proteins followed by
mineralization of the organic matrix resulting in the formation of bone (Cohen, 2000). In
contrast, endochondral bone formation involves the formation of a cartilage template
followed by subsequent osteoblast invasion and maturation (Chung, Lanske, Lee, Li, &
Kronenberg, 1998). This process occurs in sequential steps: 1) mesenchymal cells
migrate to the presumptive sites of the endochondral bones, proliferate, condense into
compact nodules and commit to become chondrocytes (Hall & Miyake, 2000); 2)
chondrocytes proliferate and differentiate to produce a hyaline cartilage matrix. Cells at

the periphery the cartilage form a perichondrium (Kronenberg, 2003); 3) chondrocytes
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Figure 1. Schematic diagram of endochondral bone fo rmation. (A, B) Mesenchymal
cells migrate to potential sites for the formation of bone, condense and differentiate into
chondrocytes. (C) Chondrocytes undergo hypertrophy in the center. (D, E) Blood
vessels invade and bring in osteoblast precursors which develop into mature
osteoblasts (primary ossification center). (F-H) Bone formation and elongation is
facilitated by proliferating, hypertrophic, and mineralizing chondrocytes. The growth
plates, which are responsible for bone elongation, are located at both ends of the
developing bone and are composed of proliferating, mature and hypertrophy
chondrocytes. At the end of the long bone, secondary centers of ossification form
following blood vessel invasion (similar to the formation of the primary center of

ossification).(Gilbert, 6™ edition, 1997).



in the center area of the developing endochondral bone stop proliferating, increase in
size and differentiate becoming hypertrophic chondrocytes. Simultaneously, the
hypertrophic chondrocytes direct the perichondrial cells to differentiate into osteoblasts
that form the bone collar; 4) the hypertrophic chondrocytes undergo apoptosis and the
remaining remnants of cartilage matrix become calcified (Hatori, Klatte, Teixeira, &
Shapiro, 1995) (Kronenberg, 2003); 5) blood vessels invade the spaces between the
calcified cartilage bringing in mesenchymal cells which differentiate into osteoblasts.
The osteoblasts secrete osteoid and mineralize this matrix on the scaffolding of the
calcified cartilage remnants (Kronenberg, 2003). Eventually, as the primary spongiosa
is remodeled, all of the cartilage is replaced by bone (Cancedda, Castagnola,
Cancedda, Dozin, & Quarto, 2000) (Bruder & Caplan, 1989) (Figure 1).

In adults once peak bone mass is attained, bone is continuously remodeled.
Remodeling is initiated by bone resorption (osteoclast function) which is followed by
bone formation (osteoblast function) (Epker, 1968). Bone homeostasis involves a
balance between the synthesis of new bone by osteoblasts and its resorption by
osteoclasts. Any imbalance of bone formation and bone resorption can cause a
decrease or increase in net bone mass as observed in metabolic bone diseases such
as osteoporosis and osteoslcerosis, respectively (Epker, 1968) (Felix, Hofstetter, &

Cecchini, 1996).

Bone Cells
Osteoclasts are very large, multinucleated cells and are responsible for bone

resorption. They are derived from hematopoietic stem cells that share a common
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lineage with monocytes/macrophages (Ash, Loutit, & Townsend, 1980) (Kurihara,
Chenu, Miller, Civin, & Roodman, 1990). Mature osteoclasts attach to the mineralized
bone matrix via the avb3 integrin (sealing zone), secrete acid and proteases into the
extracellular space bounded by the sealing zone, and endocytose components of the
degraded bone matrix (Ahdjoudj, Fromigue, & Marie, 2004) (Katagiri & Takahashi,
2002).

Osteoblasts are the primary bone forming cells responsible for the production of
type | collagen and other non-collagenous proteins that comprise the organic
component of bone matrix as well as the subsequent mineralization of this matrix
(Young, Kerr, Ibaraki, Heegaard, & Robey, 1992) (Robey, et al., 1993) (Mundlos &
Olsen, 1997). They are derived from mesenchymal stem cells that are multipotent and
can be induced to differentiate into fibroblasts, chondrocytes, adipocytes, myocytes or
osteoblasts (Nijweide, Burger, & Feyen, 1986) (Aubin, Liu, Malaval, & Gupta, 1995).
Under osteogenic conditions, mesenchymal stem cells will proliferate and differentiate
into committed pre-osteoblasts which finally develop into mature osteoblasts (Heino &
Hentunen, 2008) (Marie & Fromigue, 2006). The osteoblast phenotype is characterized
by the production of the enzyme, alkaline phosphatase, type I collagen, and various
non-collagenous proteins such as osteocalcin (Owen, et al., 1990) (Mackie, 2003).
Once osteoblasts become embedded within the extracellular matrix they produce, they
are designated osteocytes (Nijweide, et al., 1986). Osteocytes occupy lacunae within
the bone matrix and communicate with one another via slender cellular processes that
contact similar processes from neighboring osteocytes and with cells in the periosteum

and endosteum. Osteocytes play an important role in the regulation of mineral
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homeostasis (Ahdjoudi, et al., 2004) (Katagiri & Takahashi, 2002) (Marks & Popoff,

1988).

In Vitro Models for Osteoblast Differentiation and Function

Osteoblast cell culture systems are widely used to investigate the differentiation
and function of this cell type. Mesenchymal stem cells are used to study commitment to
the osteoblast lineage and subsequent osteoblast differentiation. Primary cultures of
bone marrow cells or the cell lines, C2C12 and C3H10T1/2, are most frequently used to
study mesenchymal cell commitment and osteoblast differentiation (Denker, Nicoll, &
Tuan, 1995) (Yamaguchi, 1995) (Katagiri, et al., 1990) (Figure 2).

Other models utilize cells already committed to the osteoblast lineage to examine
the process of differentiation and bone formation in culture (Figure 2). Primary cells
isolated from newborn mouse/rat calvaria are widely used for osteoblast studies. These
cells go through three well-characterized stages of osteoblast differentiation:
proliferation (0~7 days), matrix production and maturation (7~14 days), and
mineralization (14~21 days) (Stein & Lian, 1993) (Kartsogiannis & Ng, 2004).

Numerous osteoblastic cell lines have also been employed for studies of osteoblast
differentiation or signaling, including non-transformed cell lines (mouse MC3T3-E1 and
rat UMR201) and transformed osteosarcoma osteoblast-like cell lines (human MG-63,
Sa0S-2, and TE85 and rat ROS17/2.8 and UMR106) (Kartsogiannis & Ng, 2004).
MC3T3-E1 cells and UMR201 are representative of pre-osteoblasts while ROS17/2.8
cells are more differentiated osteoblast-like cells (D. Wang, et al., 1999) (Majeska,
Rodan, & Rodan, 1978) (Traianedes, Martin, & Findlay, 1996) (Traianedes, Findlay,

8



Martin, & Gillespie, 1995). Whether using primary cells or a cell line, each system has
its limitations. For example, primary cultures are a heterogeneous mixture of
osteoblasts at different stages of differentiation and may include cells belonging to other
lineages, such as fibroblasts (Aubin, et al., 1995; F. Liu, Malaval, Gupta, & Aubin,
1994). The osteoblastic cell lines are relatively homogenous, but one must take care to
consider how closely they mimic the response and function of osteoblasts under
physiological conditions.

These cell culture systems provide powerful tools for investigation of osteoblast
differentiation and function. Many studies using primary osteoblasts or osteoblastic cell
lines in culture have made important progress to enhance our understanding of factors
that regulate osteoblasts. It has become clear the development and function of the
osteoblast is regulated by a multitude of local (bone-derived) and systemic (hormone)
growth factors which interact to affect bone formation. Many of these growth factors are
locally produced within the bone microenvironment and they act in an autocrine or
paracrine fashion to regulate osteoblast differentiation and bone formation. Two of the
most abundant growth factors produced by bone cells (osteoblasts) and associated with
bone matrix are connective tissue growth factor (CTGF) and transforming growth factor
betal (TGF- 1) (Centrella & Canalis, 1987) (Nakanishi, et al., 1997) (Moritani, et al.,

2003).



The process of osteoblast The respresentative

differentiation cells
Mesenchymal C3H10T1/2
stem cells
\/
Pre- MC3T3-E1
osteoblasts UMR201
Osteoblasts ROS17/2.8

Figure 2. Diagram of osteoblast differentiation and represent ative cells. Under
the appropriate culture conditions, mesenchymal stem cells (e.g. C3H10T1/2 cell line)
can be induced to differentiate into pre-osteoblasts. Pre-osteoblasts (e.g. MC3T3-E1
mouse cell line or UMR201 rat cell line) cultured under osteogenic conditions can
differentiate into mature osteoblasts that produce and mineralize a bone matrix. Mature
osteoblasts (e.g. rat osteosarcoma osteoblast-like cells line ROS17/2.8) have many
features of differentiated osteoblasts and are commonly used for signaling studies in
osteoblasts.
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Connective Tissue Growth Factor (CTGF, CCN2)

CTGF: Structure and Function
Connective tissue growth factor (CTGF, CCN2), belonging to CCN gene family,

is a multi-functional growth factor induced by other growth factors. This family was
named after the three original members including Cyr 61 (cysteine rich protein, CCN1),
CTGF (Connective tissue growth factor, CCN2) and Nov (nephroblastoma over-
expressed gene, CCN3) (Bork, 1993). To date, a total of 6 distinct members have been
identified in human species. They are named CCN1-6 according to the order in which
they were discovered (Brigstock, 2003). Each member has numerous biological
functions, including cell attachment, migration, survival, proliferation and differentiation.
All members of CCN family have the same 4 modules arrangement except for
CCNS5, which lacks the cysteine knot at the C-terminal end. The four highly conserved
modules are encoded by four different exons and include an insulin-like growth factor
binding protein (IGFBP) module, a von Willebrand factor type C (vWC) module, a
thrombospondin type | (TSP-1) module and a cysteine knot, heparin-binding module
(Brigstock, 1999). Recent studies suggest that modules have distinct functions. The
IGFBP module has the binding ability to IGF and this module is believed to be
responsible for CTGF-induced cell proliferation (H. S. Kim, et al., 1997). Together with
the vWC module, the IGFBP module is able to bind to aggrecan, a major proteoglycan
of the extracellular matrix in cartilage, which is related to CTGF-induced production and
secretion of aggrecan by chondrocytes (Aoyama, et al., 2009). The vWC module can

physically interact with TGF- 1 and BMP-2 (Abreu, Ketpura, Reversade, & De Robertis,
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2002). The interaction with TGF-b1 contributes to TGF-b1 induced fibrogenesis. The
TSP-1 module can bind to sulfated glycoconjugates and low-density lipoprotein
receptor-related protein (LRP) 1 or 6 (Desnoyers, 2004; Gao & Brigstock, 2003). The
cysteine knot allows for dimerization of the protein and interaction with heparin-sulfate-
containing proteoglycans (HSPGs) (Ball, Rachfal, Kemper, & Brigstock, 2003; Shi-Wen,
Leask, & Abraham, 2008) (Lau & Lam, 1999) (Kawata, et al., 2006). HSPGs function as
co-receptors when CTGF binds to cell surface integrin (Gao & Brigstock). The different
functions of each module partially explain why CCN proteins have various functions
(Kubota, et al., 2006) (Minato, et al., 2004).

CTGF, as the prototype of this family, was first identified in the conditioned media
of human umbilical vein endothelial cells (Bradham, Igarashi, Potter, & Grotendorst,
1991). It is a 38-kD, cysteine-rich secreted protein induced by various growth factors
and secreted into the extracellular matrix where it associates with cell surface proteins
and extracellular matrix components. Integrins have been demonstrated to serve as
receptors for CTGF. Studies have demonstrated that CTGF interacts with different
integrins via the C-terminal module in a cell type-dependent manner (Gao, Ball, Perbal,
& Brigstock, 2004) (Babic, Chen, & Lau, 1999; C. C. Chen, Chen, & Lau, 2001;
Jedsadayanmata, Chen, Kireeva, Lau, & Lam, 1999). The interaction with cell surface
integrins contributes to CTGF induced cell adhesion, migration, and extracellular matrix
protein deposition, events that are mediated by focal adhesion kinase (FAK) and other
intracellular signaling molecules (C. C. Chen, et al.). In addition to integrins, it has been
shown that CTGF can interact with other growth factors, and therefore, positively or

negatively modulate growth factor signaling. For example, it has been shown that
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Figure 3. The structure and functions of CTGF . CTGF is composed of 4 functional
modules, including an insulin-like growth factor binding module (IGFBP), a von willbrand
factor type C repeat module (VWC), a thrombospondin type | repeat module (TSP1) and
a cysteine knot module (CT). In addition, there is a signal peptide (SP) for secretion at
the N-terminus and a variable hinge region in the middle. CTGF has multiple cellular
functions, such as cell proliferation, cell adhesion, cell migration, collagen deposition
and cell transdifferentiation, which contribute to its tissue effects, including wound
healing, chondrogenesis /osteogenesis and angiogenesis (modified from
http://www.fibrogen.com/CTGF_Biology).
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CTGF can bind to TGF- 1 and enhance its activity while inhibiting BMP-2 signaling
through its interaction with BMP-2 (Abreu, et al., 2002).

In vivo, CTGF mRNA can be detected in many tissues with the highest levels in
kidney, brain and bone (J. Xu, et al., 2000) (Ryseck, Macdonald-Bravo, Mattei, & Bravo,
1991) (Oemar & Luscher, 1997). During development, CTGF is highly expressed in
growth plate cartilage (Nakanishi, et al., 1997). Platelets serve as a reservoir for CTGF,
releasing it upon stimulation wherever CTGF is needed (Cicha, Garlichs, Daniel, &
Goppelt-Struebe, 2004) (Kubota, et al., 2004). Therefore, CTGF exerts its functions in
numerous tissues. It has been implicated to play an important functional role in several
physiological and pathological processes, including angiogenesis, skeletal
development, wound healing, fibrosis and carcinogenesis. On a cellular basis, CTGF
has been shown to regulate cell adhesion, proliferation, migration, differentiation,

survival and matrix production.

The Effects of CTGF on Skeletal Development and Bone

Due to the high levels of CTGF in bone and the growth plate during development,
the effects of CTGF on skeletal development have been investigated. CTGF knockout
mice exhibited impaired chondrocyte development and function, including significant
reduction of chondrocyte proliferation, extracellular matrix synthesis (aggrecan, type I
and type X collagens), and enlarged hypertrophic zones. Bone formation and
mineralization were also impaired in CTGF knockout mice (Kawaki, et al., 2008)
(Ivkovic, et al., 2003). Interestingly, when CTGF is over-expressed under control of the
murine type Xl collagen promoter or the human osteocalcin promoter, transgenic mice
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displayed dwarfism and decreased bone mineral density compared with wild type mice
(Nakanishi, et al., 2001; Smerdel-Ramoya, Zanotti, Stadmeyer, Durant, & Canalis,
2008). The paradoxical phenotypes between transgenic and knockout mice suggest
that the temporal and spatial expression of CTGF is crucial for normal skeletal
development.

It has been shown that during the initiation of endochondral bone formation,
CTGF was expressed in most chondrocytes except for those in the resting zone
(Kubota & Takigawa, 2007). During bone growth, CTGF was primarily expressed in
hypertrophic chondryocytes and osteoblasts (Nakanishi, et al., 1997) (Moritani, et al.,
2003). Based on its expression, it is not surprising that CTGF promotes endochondral
bone formation at various stages including mesenchymal cell proliferation and
condensation, chondrocyte differentiation and osteoblast differentiation.

The proliferation, migration and condensation of mesenchymal stem cells to the
potential site of bone formation is the first step of endochondral bone formation. Studies
have demonstrated that CTGF stimulates mesenchymal cell proliferation, migration and
aggregation (condensation), while knockdown of CTGF or application of a CTGF
neutralizing antibody prevented these effects (Song, et al., 2007) (Shimo, et al., 2004).
After condensation, the mesenchymal stem cells differentiate into chondrocytes. CTGF
has been shown to stimulate the proliferation and differentiation of chondrocytes
(Nakanishi, et al., 2000). Correspondingly, absence of CTGF resulted in inhibition of
chondrocyte terminal differentiation (Kawaki, et al., 2008) (Ivkovic, et al., 2003).

Angiogenesis in the mineralized, hypertrophic zone of cartilage brings precursors
of osteoblasts and osteoclasts, a crucial step in endochondral bone formation. CTGF is
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produced by endothelial cells in vivo in embryonic stages and during development
(Shimo, et al., 1998). The absence of CTGF in knockout mice inhibited the proliferation
and migration of endothelial cells (Ivkovic, et al., 2003), while recombinant CTGF
enhanced proliferation, migration and tube formation of primary endothelial cells in vitro
and induced angiogenesis in vivo, demonstrating the requirement of CTGF for normal
angiogenesis (Shimo, et al., 1998) (Shimo, et al., 1999).

In cultured osteoblasts, CTGF mRNA was detected by Northern blot (Parisi,
Gazzerro, Rydziel, & Canalis, 2006; J. Xu, et al., 2000). The detailed analysis of CTGF
expression pattern in primary osteoblasts was performed by Popoff and colleagues
(Safadi, et al., 2003). This study demonstrated that CTGF level was high during the
proliferative phase, abated in confluent cultures, and increased again to maximal levels
during matrix production and maturation, remaining at high levels during mineralization
(Safadi, et al., 2003). Different groups have demonstrated that CTGF stimulates
osteoblast proliferation, differentiation and mineralization. When the recombinant CTGF
was injected into the bone marrow cavity in vivo, it stimulated the formation of new bone
(Safadi, et al., 2003). Recombinant CTGF or over-expression of CTGF promotes
proliferation, up-regulates the expression of various markers of osteoblaast
differentiation, including type I collagen, alkaline phosphatase, osteopontin and
osteocalcin, and stimulates matrix mineralization and mineralized nodule formation
(Nakanishi, et al., 2000) (Safadi, et al., 2003) (Smerdel-Ramoya, Zanotti, Deregowski, &
Canalis, 2008). On the contrary, calvarial osteoblasts and stromal cells isolated from
CTGF transgenic mice displayed decreased alkaline phosphatase and osteocalcin
MRNA levels (Smerdel-Ramoya, Zanotti, Stadmeyer, et al., 2008). In this transgenic
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model, CTGF over-expression was controlled by the osteocalcin promoter, which is
expressed in late-stage osteoblast differentiation, and therefore, CTGF is only over-
expressed in terminally differentiated osteoblasts. Unpublished data from our laboratory
characterizing CTGF transgenic mice in which CTGF over-expression is controlled by
the truncated type | collagen promoter demonstrates an increase in bone formation.
This promoter is expressed much earlier in the osteoblast lineage compared with the
osteocalcin promoter, and the differences in the phenotypes may be a result of the
stage of differentiation of cells over-expressing the protein or the levels of CTGF over-

expression achieved in these transgenic models.

The Effects of CTGF on Bone Regeneration

Considering the apparent beneficial effects of CTGF on bone formation, recent
studies have tested applications of its use in bone regeneration to promote bone healing
or new bone formation. During distraction osteogenesis, CTGF expression was
increased in mesenchymal cells, chondrocytes and osteoblasts in the bone-formation
area, suggesting that CTGF plays an anabolic role in endochondral and
intramembranous bone formation (Kadota, et al., 2004) (Nakata, et al., 2002). When a
hydroxyapatite carrier loaded with CTGF was implanted into bone defects within a rabbit
mandible, CTGF significantly enhanced the proliferation and migration of human bone
marrow stromal cells, induced cell invasion and enhanced bone formation compared
with the carrier alone (Ono, et al., 2008). Using the intractable bone defect model,
treatment with recombinant CTGF induced the osteoblast mineralization markers and
enhanced the bone regeneration (Kikuchi, et al., 2008). The majority of in vivo and in
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vitro studies support an anabolic role for CTGF on bone formation, and therefore, this
factor is a candidate for the development of novel clinical therapeutic approaches to
stimulate bone formation. The molecular mechanisms concerning CTGF functions and
its regulation in bone have not been investigated. It is known that CTGF can be
induced by other growth factors, the most potent of which is transforming growth factor

beta 1 (TGF- 1).

Transforming Growth Factor Beta-1 (TGF- bl)
TGF- 1 and Osteoblasts

TGF- 1 is the prototypical member of a large family of pleiotropic secreted
cytokines, including TGF- , bone morphogenic proteins (BMPSs), activins, inhibitins and
Mullerian-inhibiting substance. This large family cytokines demonstrate a wide range of
biological effects on numerous cell types, such as cell proliferation, differentiation,
motility, matrix production, and apoptosis. Their functions are highly dependent on cell
type, stage of differentiation, growth conditions, concentration of ligands, and presence
of other growth factors.

TGF- 1 is the prototype of TGF family and it is the most abundant of the three
isoforms (TGF- 1, 2 and 3) in mammals. Initially TGF- 1 was isolated from platelets
since they have a very high concentration of TGF- 1 (20mg/kg) (Assoian, Komoriya,
Meyers, Miller, & Sporn, 1983).

TGF- 1 is produced by bone cells and is present in bone matrix as well as bone
cell culture media (Centrella & Canalis, 1987). Although other isoforms of TGF- family

can be detected in bone, TGF- 1 is the most abundant isoform. In bone extracts, the
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concentration of TGF- 1 is over 200ng/kg tissue. On the basis of weight, bone has the
highest total amount of TGF- 1 (Seyedin, et al., 1986). Therefore, TGF- 1is
considered as a major bone growth factor, and subsequently, many studies have
investigated its effects on bone.

The effects of TGF- 1 on bone formation have been demonstrated by different in
vivo studies. TGF- 1 knockout mice displayed decreased tibial length and reduced
bone mineral content (Geiser, et al., 1998). Consistent with these observations,
recombinant human TGF- 1 induced bone formation in rabbit ear full-thickness skin
wounds and skull defects (Beck, et al., 1991). However, a recent study using the TGF-b
type | receptor inhibitor, SD-208, demonstrated that blocking of TGF type | receptor by
systemic administration of SD-208 to mature mice could increase bone mineral density,
bone mineral concentration, trabecular bone and fracture resistance (Mohammad, et al.,
2009). Interestingly, Smad3*" heterozygous mice and DN-TGF type Il receptor mice
which express the dominant negative TGF- type Il receptor in osteoblasts
demonstrated similar phenotypes to SD-208 mice (Balooch, et al., 2005) (Filvaroff, et
al., 1999).

The results from in vitro studies regarding the effects of TGF-b are also
inconsistent, and these differences can be attributed to many confounding variables.
For example, TGF- 1 can be generated from different species, such as human or
porcine, and the source can have an effect on the cellular response (Noda & Rodan,
1986) (Centrella, Massague, & Canalis, 1986). In the case of studies examining the
effects of TGF-b on osteoblasts, the source and stage of differentiation of the

osteoblasts being used in the study must be considered. Whether primary cells are
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derived from neonatal calvaria, from long bones of adult animals, or from bone marrow
stromal cells can affect their response to TGF-b1 (Centrella, McCarthy, & Canalis,
1988). In some studies whole calvaria are used as primary organ culture. In addition to
primary cultures, numerous cell lines have been used for studies of osteoblast
differentiation and function, such as non-transformed cells and osteosarcoma cell lines.
Studies have demonstrated that in fetal bovine bone cells TGF-b stimulated the cell
proliferation while in osteosarcoma cells (ROS17/2.8 and UMR 106) and clonal murine
calvaria-derived cells (MC3T3E1) TGF-b inhibited cell growth (Robey, et al., 1987).

Aside from differences in the origin of cells used in culture, the concentration of
growth factor and/or the cell density being used also affects the results. Centrella et al.
reported a biphasic effect of TGF- 1 on the proliferation of rat calvarial osteoblast cells
that was dependent on the TGF- concentration and cell density (Centrella, McCarthy,
& Canalis, 1987). Similarly, Robey et al. demonstrated that the proliferation of fetal
bovine bone cells induced by TGF- 1 was dependent on plating-density (Robey, et al.,
1987).

In whole organ cultures of fetal rat calvaria, both native and recombinant TGF- 1
stimulated the DNA proliferation and cell proliferation (Centrella, et al., 1986) (Hock, et
al., 1990), whereas in ROS17/2.8 and in MC3T3EL1 osteoblast-like cells, TGF- 1
inhibited cell proliferation (Bonewald, et al., 1990). Centrella et al. demonstrated that
low doses of TGF- 1 stimulated while high doses inhibited DNA synthesis in primary
osteoblasts (Centrella, et al., 1988). These studies demonstrate that whether TGF- 1

stimulates or inhibits cell proliferation is highly dependent on experimental conditions.
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Osteoblast differentiation can be characterized by expression of type | collagen,
osteonectin, osteopontin, alkaline phosphatase (ALP), and osteocalcin (a marker of
terminal osteoblast differentiation). In ROS17/2.8 osteoblast-like cells, TGF- 1 has
been shown to stimulate the gene transcription of osteoblast differentiation markers,
such as osteonectin and osteopontin, to promote extracellular matrix production, such
as type | collagen, and to increase ALP activity (Bonewald, et al., 1990) (Noda & Rodan,
1987) (Noda & Rodan, 1987) (Noda, Yoon, Prince, Butler, & Rodan, 1988) (Robey, et
al., 1987) while inhibiting osteocalcin expression (Noda, 1989). On the contrary, in
primary calvarial osteoblasts and MC3T3E1 cells, TGF- 1 inhibited ALP activity (Rosen,
Stempien, Thompson, & Seyedin, 1988) (Noda & Rodan, 1986).

Runx2 is the master transcription factor controlling the expression of most
extracellular matrix (ECM) and osteoblast differentiation markers. Several studies have
been conducted to investigate the connection between TGF- 1 and Runx2. These
studies showed that TGF- 1 inhibited Runx2 gene transcription in primary osteoblasts
and in ROS17/2.8 and MC3T3EL1 cells (Alliston, Choy, Ducy, Karsenty, & Derynck,
2001). Blocking of TGF- signaling propagation by TGF- type | receptor inhibitors,
SD208 or SB431542, up-regulated Runx2 levels (Mohammad, et al., 2009). TGF- 1
induced nuclear translocation of the Smad complex physically associated with Runx2
and inhibited Runx2 transactivation (Kang, Alliston, Delston, & Derynck, 2005) (Alliston,
et al., 2001). There have been other studies demonstrating that TGF- 1 increases
Runx2 gene transcription or its transactivation activity (Lee, Hong, & Bae, 2002)
(Selvamurugan, Kwok, Alliston, Reiss, & Partridge, 2004). These contradictory findings
of the effects of TGF- 1 on Runx2 may be dependent on the stage of cell differentiation.
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Aside from its direct effects on osteoblasts, TGF- 1 can recruit mesenchymal stem cells
and stimulate chondrogenesis, which are important upstream events for endochondral
bone formation (Huang, Goh, Hutmacher, & Lee, 2002) (Seyedin, et al., 1986) (Xia, et
al., 2009) (Diao, et al., 2009) (Zeiter, Lezuo, & Ito, 2009).

At the present time it is believed that TGF- 1 stimulates proliferation and
differentiation of preosteoblasts, while inhibiting late-stage differentiation associated
with mineralization (Kanaan, Aldwaik, & Al-Hanbali, 2006). During osteoblast
differentiation prior to mineralization, an important function of the osteoblast is to
produce extracellular matrix (Young, et al., 1992) (Robey, et al., 1993). TGF- 1
stimulates extracellular matrix production in numerous cell types, and a recent study in
our laboratory determined that connective tissue growth factor (CTGF, CCN2) is an
essential downstream mediator of TGF- 1-induced extracellular matrix production in

osteoblasts (Arnott, et al., 2007).

TGF- 1 and CTGF

TGF- 1 Induces CTGF Expression

TGF- 1 induces CTGF expression in numerous cell types, including endothelial
cells, smooth muscle cells, fibroblasts, epithelial cells, chondrocytes and osteoblasts
(Wunderlich, Senn et al. 2000) (Abraham, et al., 2000) (Blom, van Dijk, de Weger,
Tilanus, & Goldschmeding, 2001) (Chen, Blom et al. 2002) (Hishikawa, Oemar et al.
2001) (Eguchi, Kubota et al. 2001) (Arnott, et al., 2007) (Parisi, et al., 2006). Detailed
analysis of the proximal CTGF promoter identified two cis-acting elements, a TGF- 1
response element (TRE) and a Smad binding element (SBE), which are critical for TGF-
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1 induced CTGF expression. The TRE is unique to CTGF with unknown transacting
factors binding while the SBE is the canonical Smad binding site (Grotendorst, Okochi
et al. 1996) (Holmes, Abraham et al. 2001). The involvement of either the TRE or SBE
or both are highly cell-type dependent. For example, in scleroderma fibroblasts and the
chondrocytic cell line (HCS-2/8), only the TRE was required for TGF- induced CTGF
expression (Eguchi, Kubota et al. 2002), while in normal skin fibroblasts and mesangial
cells only the SBE was required (Holmes, Abraham et al. 2001). Recently, our
laboratory demonstrated that both the TRE and SBE are required for CTGF induction by
TGF- 1 in osteoblasts (Arnott, et al., 2008).

Mutation or deletion studies of the CTGF promoter have identified other cis-
acting elements besides the TRE and SBE. For example, the consensus transcription
enhancer factor binding element, 5-GAGGAATGG-3', has been identified in human
foreskin fibroblasts and shown to play an essential role in TGF- 1 induced CTGF
promoter activity in both human foreskin fibroblasts and pancreatic cancer cells (Leask
and Abraham 2003) (Kwon, Munroe et al. 2007). In chondroctyes and fibroblasts, the
basal control element (BCE) has been identified, and in hepatic stellate cells the binding
sites for Ets-1 and Sp-1 transcription factors have been identified, all of which are
important for TGF- 1 induced CTGF promoter activity (Grotendorst, Okochi et al. 1996)
(Eguchi, Kubota et al. 2001) (Gressner, Lahme, Demirci, Gressner, & Weiskirchen,
2007).

Therefore, CTGF gene transcription induced by TGF- 1 is a cooperative event
which involves the interaction of different trans-acting factors and cis-acting elements.
The upstream signaling molecules regulating the interaction of these trans- and cis-
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acting elements are even more complex and poorly understood. Besides the canonical
TGF- 1 signaling molecules, Smads 2 and 3, other signaling pathways can either cross-
talk with Smad signaling or function independent of Smad signaling to affect TGF- 1
induced CTGF expression. In fibroblasts, primary hepatocytes, pancreatic cancer cells,
epithelial cells, primary osteoblasts and smooth muscle cells it has been shown that Erk
was a positive regulator of TGF- 1 induced CTGF expression (X. D. Chen, Shi, Xu,
Robey, & Young, 2002) (Wickert, Chatain, Kruschinsky, & Gressner, 2007) (Kwon,
Munroe et al. 2007) (Phanish, Wahab et al. 2005) (Xie, Sukkar et al. 2005) (Arnott,
Zhang et al.) (Leivonen, et al., 2005). More detailed mechanistic studies are needed to
fully understand how Erk functions to affect CTGF up-regulation. Two independent
studies yielded opposing effects when blocking Erk signaling: in airway smooth muscle
cells it suppressed TGF- 1 induced Smad phosphorylation while in mesangial cells it
had no effect on TGF- 1 induced Smad phosphorylation (X. D. Chen, et al., 2002) (S.
Xie, et al., 2005). It is possible that Erk can regulate the nuclear translocation of the
activated Smad complex or that Erk may function independent of Smads by affecting
the binding of other transcription factors (or cofactors) that are required for Smad
transactivation.

In addition to Erk, our laboratory recently demonstrated that in primary
osteoblasts, blocking of Src using the pharmacological inhibitor, PP2, or kinase-dead
dominant negative Src constructs abolished TGF- 1 induced CTGF promoter activity.
This study demonstrated the novel requirement of Src for CTGF induction by TGF-b1

(Arnott, Zhang et al. 2008).
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CTGEF is the Downstream Mediator of TGF- 1 Effects

Studies have shown that CTGF is the mediator of TGF- 1 induced collagen,
fibronectin, and plasminogen activator inhibitor-1 production in fibroblast, cardiac
myocytes, prostate stromal cells and osteoblasts (Blalock, Duncan et al. 2003) (Chen,
Lam et al. 2000) (Suzuki, et al., 2006) (Arnott, Nuglozeh et al.). Other studies have
shown that TGF- 1 induced cell proliferation, adhesion or hypertrophy is mediated by
CTGF (Abdel-Wahab, Weston et al. 2002) (Blalock, Yuan et al. 2004). The role that
CTGF plays as a downstream mediator of TGF-b1 induced effects is highly dependent
on cell type.

Osteoblasts produce large amounts of both TGF- 1 and CTGF and their
expression patterns are correlated temporally and spatially (Moussad and Brigstock
2000), findings suggesting that CTGF could mediate certain TGF- 1 effects, such as
cell proliferation, migration and differentiation. In the mesenchymal cell line,
C3H10T1/2, inhibition of CTGF using siRNA or antisense oligonucleotides resulted in
significant reduction of TGF- 1 induced cell proliferation, migration and fibronection
production, demonstrating that CTGF was the mediator of TGF- 1 induced
condensation (Song, et al., 2007). In a similar study, Shimo et al. showed that TGF- 1
induced condensation-associated molecules and chondrocyte differentiation was also
mediated by CTGF (Shimo, Kanyama et al. 2004). In primary osteoblasts, CTGF
mediates the effects of TGF- 1 induced type | collagen and fibronectin production
(Arnott, et al.). Using TGF- 1 type Il receptor knockout mice, Oka et al. has shown that
in Meckel’s cartilage exogenous CTGF rescued the cell proliferation defect caused by

the absence of TGF- 1 signaling (Oka, Oka et al. 2007).
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In summary, TGF- 1 is a very potent inducer of CTGF expression and CTGF can
function as the downstream mediator of TGF- 1 effects, such as extracellular matrix
production, cell migration, cell proliferation, and cell differentiation in a cell-type
dependent manner. Besides the canonical TGF- 1 Smad signaling pathway, other
signaling molecules, such as Erk and Src, also play important roles in regulating TGF-

1 induced CTGF expression. How the non-Smad signaling molecules regulate CTGF
induction by TGF-b1, however, is poorly understood. It has been proposed that they
either interact with the canonical Smad signaling pathway or function independent of the

Smad pathway to influence TGF- 1 induced CTGF expression (Arnott, et al., 2008).

Transforming Growth Factor Beta-1 (TGF- 1) signaling

Canonical TGF- 1 Signaling Pathway: Smads

TGF- 1 is synthesized as a latent precursor with latent binding proteins
(Derynck, et al., 1988). The precursor is secreted into extracellular environment where
it is cleaved by proteolysis to generate mature TGF- 1 which functions in autocrine and
paracrine fashions (ten Dijke, Hansen, Iwata, Pieler, & Foulkes, 1988) (Janssens, ten
Dijke, Janssens, & Van Hul, 2005). The functions of TGF- 1 are dependent on the
signal propagation by TGF- 1 receptors and Smads proteins (Massague, 1998). There
are two types of TGF- 1 receptors, type | and type Il which belong to serine/threonine
kinase transmembrane receptors and are required for TGF- 1 signaling transduction
(Cheifetz, Like, & Massague, 1986) (Cheifetz, et al., 1987). It was believed that the type
Il receptor is constitutively active (R. H. Chen & Derynck, 1994). Upon TGF- 1 binding,

the duplex of TGF- type Il receptor induces the recruitment, transphosphorylation and
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activation of the duplex of type | receptor. The GS-rich domain of type | receptor in
cytosol is phosphorylated by the type Il receptor (Chacko, et al., 2004). The activated
type | receptor can further phosphorylate the SSXS motif at the C-terminus of the
receptor Smads (R-smads), Smad2 and Smad3 (Graff, Bansal, & Melton, 1996) (Y.
Zhang, Feng, We, & Derynck, 1996). The phosphorylated Smad2/3 changes the
conformation, dissociates from the type | receptor, and forms complex with Smad4
(Massague & Weis-Garcia, 1996). The Smads complex then translocates to the
nucleus where it binds to DNA directly or associates with other transcription factors to
activate the transcription of target genes (Brown, Pietenpol, & Moses, 2007) (Figure 4).

The R-Smads and Smad4 constantly shuttle between cytosol and nucleus
(Inman & Hill, 2002). Upon ligand binding the nuclear export is decreased and the
import is increased, therefore, Smads are accumulated in the nucleus where Smads
bind to the consensus sequence 5’-AGAC-3’ (SBE) to induce target gene transcription
(Pierreux, Nicolas, & Hill, 2000) (L. Xu, Kang, Col, & Massague, 2002) (Schmierer &
Hill, 2005). After inducing gene transcription, the Smad complex may undergo
degradation by ubiquitination or shuttle out of the nucleus to enter a new cycle
described above (Inman & Hill, 2002).

The Smads proteins are important downstream mediators of TGF- signaling.
Thus far, eight Smads in mammals have been identified (Massague, 1998). According
to their functions and structures, Smads are categorized into three groups: Receptor

Smads (R-Smads), Common Smads (Co-Smads), and Inhibitory Smads (I-Smads)

27



TGF-p1 TGF-f31/Smad
Signaling Pathway

1
TGF-1
Stimulation

Cell Membrane

2
Smad
Activation

3
Smad

Complex
Formation

4

Nuclear Membrane

Cogn CTGF Promoter

Figure 4. The canonical TGF- 1 signaling pathway. TGF- 1 binds to TGF- type Il
and type | receptors, which transactivates the type | receptor. Subsequently, Smad2
and Smad3 are recruited and phosphorylated by TGF- type | receptor. The
phosphorylated Smad?2/3 recruits Smad4 and form a complex which translocates to the
nuclei, binds to Smads binding element (SBE), and induces target gene transcription,

such as CTGF. The cognate element which binds to unknown proteins is also required
for TGF- target gene transcription.
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(Derynck, Zhang, & Feng, 1998) (Figure 5). R-Smads, including Smad2/3 and
Smad1/5/8, are characterized by the conserved C-terminal SXSS motif which is the
TGF- 1 receptor phosphorylation site (Macias-Silva, et al., 1996). Smad?2/3 are
activated by TGF-b stimulation while Smad1/5/8 are required for bone morphogenetic
proteins (BMP) signaling. R-Smads have two conserved Mad-homology (MH) domains,
MH21 and MH2 domain, separated by a linker region. The N-terminal MH1 domain has
DNA-binding ability while the C-terminal MH2 domain is required for transactivation of
R-Smads (Dennler, et al., 1998) (F. Liu, et al., 1996). In addition, MH2 domain has
protein-binding ability (Chacko, et al., 2001) (Massague, Seoane, & Wotton, 2005). The
linker region between the two MH domains is highly flexible and loosely constructed, so
it can be phosphorylated by kinases. It has been shown that the linker region has
several conserved MAPKs phosphorylation sites, so it provides the opportunity for
MAPK phosphorylation (Kretzschmar, Doody, Timokhina, & Massague, 1999). Upon
phosphorylation by the TGF- receptor, the R-Smads will change the conformation and
open the MH2 domain, which recruits common Smad (Smad4) (Massague, 1998).

There is only one Co-Smad, Smad4. Smad4 has very similar structure to R-
Smad except for the absence of SSXS motif at the C-terminus. In the absence of TGF-
b activation, Smad4 is distributed equally between cytoplasm and nucleus (Ross & Hill,
2008). Upon forming the complex with phosphorylated R-Smads, Smad 4 together with
R-Smads translocates to the nucleus to initiate target gene transcription.

The conserved cis acting element for Smads (SBE) is 5’-AGAC-3'. The MH1
domain of Smads binds to SBE except for Smad2 which does not bind to SBE (Dennler,

et al., 1998). However, Smad?2 is able to associate with other transcription factors,
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Figure 5. The Receptor-Smads. The receptor Smads have two conserved MH
domains, MH1 at the N-terminus and MH2 at the C-terminus, separated by the linker
region. The MH1 domain has DNA binding ability while MH2 domain is responsible for
transactivation of target DNA. The interaction between Smads and other proteins, such
as Smad-Smad interaction, Smad-receptor interaction, and Smad-transcription cofactor
interaction is also dependent on the MH2 domain. At the C-terminal end, the SSXS
motif is the conserved TGF receptor phosphorylation site. The linker region is flexible
and has multiple PXS/TP motifs which are the MAPK recognition sites.
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such as FoxH1 family of winged-helix transcription factor and members of the Mix family
of homeobox proteins. This interaction regulates gene transcription (Dennler, Huet, &
Gauthier, 1999) (Wu & Hill, 2009).

The third group of Smad is inhibitory Smads, Smad6/7, that lack an MH1 domain.
They negatively regulate the TGF- 1 signaling by competing with Smad2/3 for type |
receptor binding and by inactivating type | receptor through ubiquitination mechanism
(Ebisawa, et al., 2001) (Kavsak, et al., 2000).

In summary, TGF- 1 signaling propagation is a sequential multi-step event
involving TGF- receptors and Smad2/3/4. The sequential multi-step event can be
modified at any step, therefore, affecting the TGF- 1 signaling pathway. Recently
MAPKs and Src have been emerged as the important regulators of TGF- 1 signaling

pathway.

Non-canonical TGF- 1 Signaling Pathway: Src
Src Family Kinase

Src family kinases (SFKs) belong to non-receptor tyrosine kinases and are
composed of 11 members in human genome. Nine of them have been characterized in
mammalian cells, including c-Src, Fyn, c-Yes, Fgr, Lyn, Hck, Lck, Blk, and Frk
(Manning, Whyte, Martinez, Hunter, & Sudarsanam, 2002).

All SFKs demonstrate the same domain arrangement from N- to C-terminus
(Figure 6). The extreme N-terminus is the myristoylation signal sequence followed by a
non-conserved unique domain. Next to the uniqgue domain, there are the SH3, SH2,
linker region, kinase domain and C-terminal regulatory tail. Each domain has its own
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Figure 6. The structure of Src.  (A) Src contains N myristoylation signal, unique
domain, SH3, SH2, linker region, catalytic domain and C-terminal regulatory tail. SH3
and SH2 domains are important for substrate recruitment and binding. Also the
intramolecular interaction of SH3-linker region and SH2 domain-C-terminal
phosphorylated Tyrosine 527 locks the molecule in inactive conformation. Lysine 295
(K*®) in the kinase domain is crucial for Src family catalytic ability and
autophosphorylation of Tyrosine 416 (Y**°) in the kinase domain further increases
catalytic activity while mutation of Lys?® (K?*°) to Met abolishes catalytic activity. De-
phosphorylation of pTyr°?” or mutation of Tyr**’ to Phe exposes the SH3 and SH2
domain, therefore, promotes the transition to the active conformation. (B) The
interaction between the phosphorylated Tyrosine 527 and SH3 domain blocks the
binding of substrates to Src family kinases, therefore, keeping Src family kinase
inactive. Upon stimulation, the Tyrosine 527 is dephosphorylated and detached from
SH3 domain (Horne, Sanjay, Bruzzaniti, & Baron, 2005).
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unique function. Myristoylation facilitates the attachment of Src to cell membranes. The
SH3 domain is responsible for recruitment and binding proline-containing substracts
while the SH2 domain is responsible for the phosphotyrosine binding. Under basal
conditions, phosphorylation of the highly conserved tyrosine 527 in the C-terminal
regulatory tail induces the intramolecular interaction with the SH2 domain, which in turn
keeps the kinase in an inactive conformation. The inactive conformation is further
stabilized by the interaction between the linker region and the SH3 domain. Therefore,
neither SH3 nor SH2 is accessible to external ligands. Upon stimulation, the tyrosine
residue 416 in the kinase domain is autophosphorylated and stabilizes the active
conformation (Musacchio, Saraste, & Wilmanns, 1994) (Kuriyan & Cowburn, 1997)

(Horne, et al., 2005; W. Xu, Doshi, Lei, Eck, & Harrison, 1999).

TGF- 1 Activates Src
c-Src, identified after v-Src, is the cellular proto-oncogene. It is expressed

ubiquitously and plays important roles in cell adhesion/migration, cell proliferation, cell
differentiation and survival (Araujo & Logothetis, 2009). The activation of Src has been
linked to numerous cell surface signaling pathways. Recently studies have shown that
TGF- 1 signaling is one of the important Src regulators. Src could be activated by TGF-

1 stimulation in multiple cell types, such as in fibroblasts (Peng, et al., 2008) (Sato, et
al., 2005), in epithelial cells (S. E. Wang, et al., 2009), in hepatocytes (Marchetti, et al.,
2008), and in hepatoma cells (Park, et al., 2004). In contrast, some studies showed that
TGF- 1 inhibited Src activation (Atfi, Drobetsky, Boissonneault, Chapdelaine, &
Chevalier, 1994) (Fukuda, et al., 1998). The controversial effects of TGF- 1 on Src
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activation could be due to the different cell types being used. One study was carried out
to compare the effects of TGF- 1 on Src in two human hepatoma cell lines and
demonstrated the positive effect in Mahlavu cells and negative effect in HepG2 cell line
(Fukuda, et al., 1998), suggesting that TGF-b1 effects on Src activation is cell line
dependent.

Src can function as an adaptor protein to link other signal molecules. On the
other hand, Src can function as a tyrosine kinase to phosphorylate some components of
signaling complex, including MAPKs and Smads. Studies have shown that TGF- 1
activated Src can further phosphorylate Erk (Mishra, Zhu, Eckert, & Simonson, 2007)
(Tanaka, et al., 2004). Recently Smads signaling pathway has emerged as an
important downstream signaling of Src. Both stimulatory (Galliher & Schiemann, 2006)
and inhibitory effects (Wakahara, et al., 2004) of Src on Smad 2/3 signaling have been
reported, but are dependent on the cell system being investigated.

Src, as a non-receptor tyrosine kinase, can receive multiple signaling inputs from
cell surface, which makes the study of Src activation more complicated. Studies have
shown that the epidermal growth factor receptor (EGFR), a tyrosine kinase (Q. Zhang,
et al.), could be activated by TGF- 1 in a ligand-dependent or -independent manner,
which could further phosphorylate Src (Caja, et al., 2007) (Y. H. Lee, et al., 2007)
(Murillo, del Castillo, Sanchez, Fernandez, & Fabregat, 2005) (S. E. Wang, et al., 2009).
These studies demonstrated that EGFR, as receptor tyrosine kinase, functions as a
mediator to link the activated TGF- 1 receptors, the serine/threonine kinase receptors,

to Src, the non-receptor tyrosine kinase.
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Recently it has been shown that Src is the downstream molecule of integrin
signaling (Pechkovsky, et al., 2008) (Cary, Klinghoffer, Sachsenmaier, & Cooper, 2002)
(Zou, et al., 2007). TGF- 1 induced b3 integrin expression, which in turn caused
elevated adhesion and Src activation (Pechkovsky, et al., 2008).

Taken together, TGF- 1 is an important Src regulator and activated Src can
further function upstream of MAPKs and Smads. Further detailed studies are needed to
determine how Src gets activated and how Src interacts with these signaling molecules

need.

Non-Smads Signaling Pathways of TGF- 1: Erk

Mitogen-activated protein kinases (MAPKS) are serine/threonine kinases and
consist of 3 subfamilies: the extracelluar signal-regulated kinase (Erk1/2), the stress-
activated protein (SAP) kinases (JNK1/2/3) and p38/MAPKs (Su & Karin, 1996).

MAPKSs can be activated by a diverse of extracellular signals, such as growth
factors and cytokines. The detailed molecular mechanisms of Erk activation are
illustrated by receptor tyrosine kinases (RTK) (Figure 7). The binding of growth factors
to the RTK induces dimerization of RTK and autophosphorylation of tyrosine residues
on cytoplasmic domain of RTK. The phosphorylation of tyrosines creates docking sites
for adaptors, such as Src and growth factor receptor binding protein 2 (Grb2). Grb2
binds to Sos (Son of Sevenless) in the cytoplasm without ligand stimulation. Upon RTK
activation, Grb2/Sos complex is recruited to the RTK directly or through another

adaptor, Shc (Src homology domain 2 containing), which brings Sos to the plasma
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Figure 7. A linear simplified representation of the ERK activation pathway . The
growth factor binds to the tyrosine kinase receptor, which induces dimerization of
receptors and autophosphosphorylation of tyrosine residues on receptors. Grb/Sos is
recruited and induces the exchange of Ras-GDP to Ras-GTP. Thus, Erk is activated by
sequential phosphorylation of Raf/MEK/Erk. (modified from (Montagut & Settleman,

2009))
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membrane, where it activates small G protein, Ras, by catalyzing the exchange of GDP
for GTP. GTP-bound Ras can activate Raf, MEK and Erk sequentially (Ramos, 2008).

It has been reported in numerous studies that TGF- 1 can activate all MAPKSs,
including Erk1/2, p38 and JNK1/2/3. However, which MAPKs member is activated by
TGF- 1 is cell-type dependent (Javelaud & Mauviel, 2005). The following are the
regulatory effects of Erk1/2 on TGF- 1 induced Smads signaling pathway.

The activation of Erk by TGF- 1 has been reported in many cell types, such as
fibroblasts (Inoki, et al., 2000) (Hayashida, Poncelet, Hubchak, & Schnaper, 1999)
(Hayashida, Decaestecker et al. 2003), vascular smooth muscle cells (Samarakoon,
Higgins, Higgins, & Higgins, 2008), human ovarian cancer cells (Tanaka, et al., 2004),
chondrocytes (Cailotto, et al., 2007), pancreatic carcinoma cell (Giehl, Seidel, Gierschik,
Adler, & Menke, 2000), and epithelial cells (L. Xie, et al., 2004). Recently using the
mouse osteoblastic cell line, MC3T3-EL1, it has been reported that Erk can be
phosphorylated by TGF- 1 (Miyazono, Yamada et al. 2007). It has also been reported
that Erk can function as an important regulator of Smads, the canonical TGF- 1
signaling molecules. Both stimulatory and inhibitory effects of Erk on Smads have been
reported (Kretzschmar, Doody et al. 1999) (Giehl, Seidel et al. 2000) (Rhyu, et al.,
2005). All steps required for Smads signaling, including Smad phosphorylation, nuclear
translocation of Smads complex and transactivation of Smads can be affected by Erk
(Hong, Song et al. 2006) (Kretzschmar, Doody et al. 1999) (Rhyu, Yang et al. 2005)
(Hayashida, Wu et al. 2007) (Saha, Datta, & Beauchamp, 2001). Whether Erk exhibits
positive or negative effects on Smads signaling and which step of Smad signaling is
affected by Erk is highly dependent on the cell type being used.
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Interestingly, it has been reported that Erk has the ability to modify the
serine/threonine residues in the linker region of Smad2/3 instead of the C-terminal
SSXS motif, the receptor phosphorylation motif. Four potential phosphorylation sites by
MAPKSs have been identified, which are Thr 179, Ser 204, Ser 208 and Ser 213
(Kretzschmar, Doody et al. 1999). As for which residues are phosphorylated by MAPKs
and whether the effect is inhibitory or stimulatory to Smad signaling is highly dependent
on the experiment conditions (Guo & Wang, 2009) (Matsuura, Wang, He, & Liu, 2005)
(Hayashida, Wu et al. 2007) (Hayashida, Decaestecker, & Schnaper, 2003)
(Kretzschmar, Doody et al. 1999) (G. Wang, Matsuura, He, & Liu, 2009).

Another interesting function of Erk is that the activated Erk can translocate to
nucleus, where it can modify transcription (co-)factors, such as AP-1, and Sp-1, which
are necessary components for Smads transactivation (Kim, Kim et al. 2006; Kim, Bae et
al. 2006) (Mulder, 2000) (Davies, Robinson et al. 2005) (Y. Zhang, Feng, & Derynck,
1998) (Suzuki, Wilkes, Garamszegi, Edens, & Leof, 2007) (Lo, Wotton et al. 2001).

Despite the increased knowledge regarding Erk activation and Erk-Smad
interaction, further studies are required to better define Erk activation by TGF- 1
requires further studies. Studies have shown that both TGF- 1 type | and type II
receptors can be phosphorylated at tyrosine residues. Furthermore, the tyrosine
phosphorylated TGF- receptors can recruit adaptors and induce MAPKSs activation in
the way similar to its activation by receptor tyrosine kinases described above (Lawler, et
al., 1997) (M. K. Lee, et al., 2007) (Galliher & Schiemann, 2006) (Galliher & Schiemann,
2007) (Galliher-Beckley & Schiemann, 2008). On the other hand, epidermal growth
factor receptor (EGFR), one member of the receptor tyrosine kinase family, has been
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shown to be activated by TGF- 1 and mediated TGF-b1 induced Erk activation (Q.
Zhang, et al.) (S. E. Wang, et al., 2009) (Murillo, et al., 2005) (Joo, et al., 2008)
(Samarakoon, Higgins et al. 2008).

In summary, TGF- 1 activated Erk is an important modification of Smads
signaling. As for how Erk modifies Smads signaling pathways and what is the net effect
of activated Erk on Smads signaling is highly cell-type dependent. Thus more detailed

molecular mechanisms studies are warranted in this field of study.
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CHAPTER 3

MATERIALS AND METHODS

Source of Animals
Rat primary osteoblasts were isolated from calvaria of 3~5 day-old Sprague-
Dawley (SD) rats that were maintained at Temple University School of Medicine
(Philadelphia, PA). All animals were managed and handled following the principles 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.

Reagents

Transforming Growth Factor- 1 (recombinant human TGF- 1) was purchased
from Calbiochem (Gibbstown, NJ) and reconstituted as 2 pg/ml in 4 mM HCI with 0.1%
bovine serum albumin. The Src family kinase inhibitor (PP2), an inactive analog of this
inhibitor (PP3), the MEK1/2 inhibitor (U0126), and the anti-DAPI antibody were
purchased from Calbiochem. The MEKZ1/2 inhibitor (PD98059) and the anti-b-actin
antibody were purchased from Sigma (St. Louis, MO). The anti-phospho-Tyrosine 416
Src family, anti-phospho-Smad?2 (Ser465/467), anti-total Smad2/3, anti-phospho-Erk1/2
(Thr202/Tyr204), and anti-total Erk1/2 antibodies were purchased from Cell Signaling

(Danvers, MA). The anti-phospho-Smad3 (Ser423/425) and anti-phospho-Serine 213
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Smad3 antibodies were purchased from Abcam (Cambridge, MA). The anti-total Src
antibody, avian Src antibody, Hck antibody and LaminA/C antibody were purchased
from Millipore (Billerica, MA). The anti-CTGF antibody, Fyn antibody, and Yes antibody
were from Santa Cruz (Santa Cruz, CA). The horseradish peroxidase conjugated anti-
rabbit and anti-mouse 1gG antibodies were purchased from Pierce (Rockford, IL). The
fluorescein conjugated anti-rabbit IgG antibody was purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA). Infrared-conjuated secondary

antibodies were from LI-COR Biosciences (Lincoln, NE).

Cell Culture

Primary osteoblasts were isolated from 3~5-day-old rats as previously described
(J. Xu, et al., 2000). Calvaria from pups were isolated and digested 5 times by 2%
collagenase-P (Roche, Indianapolis, IN) / 0.25% trypsin (Mediatec, Manassas, VA) for
5, 15, 15, 25 and 25 minutes with shaking in 37C w ater-bath. The 1st digestion was
discarded and cells collected from 2nd to 5th digestion were plated in100mm dish
(Corning, NY) at 5 x 10° cells/dish in Earle’s Minimal Essential Medium (EMEM:;
Mediatec) supplemented with 10% heat-inactivated fetal bovine serum (Biowest,
France), 100 IU/ml penicillin, and 100 g/ml streptomycin (Gibco, Carlsbad, CA). Cells
were maintained in 37T with 5% CO ; incubator with media change every 3 days. When
they are 80% confluent, cells were trypsinized and re-plated at 1:3 ratio. Stock cells
were frozen in 10% DMSO diluted in serum supplemented media and stored in liquid

nitrogen.
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Rat osteosarcoma osteoblast cells (ROS 17/2.8) were provided by Dr. Archana
Sanjay (Temple University). Cells were cultured in -MEM (Mediatech, Manassas, VA)
supplemented with 10% heat-inactivated fetal bovine serum (Biowest, France), 100
IU/ml penicillin, and 100 g/ml streptomycin (Gibco, Carlsbad, CA) and maintained in
37T with 5% CO , incubator. When they are ~80% confluent, cells were trypsinized and

re-plated at 1:10 ratio.

TGF- 1 Treatment
Cells were cultured in 10% serum-supplemented media until they were 80%
confluent and serum starved for an additional 24 hours. TGF- 1 at the final
concentration of 5ng/ml was applied to serum-free cells and incubated for the indicated

time period.

Pharmacological Inhibitor Treatment
Cells were cultured in 10% serum-supplemented media until they were ~80%
confluent and serum starved for an additional 24 hours. The Pharmacological inhibitor
of Src (PP2) or Erk (PD98059 or U0126) or the inactive analog of PP2 (PP3) or an
equal volume of diluent (DMSO) was added to cells at indicated dose for 30 minutes

followed by 5 ng/ml TGF- 1 treatment for indicated time period.

Dominant-negative Src Construct Transfection
Primary osteoblasts were cultured in 6-well plate with EMEM supplemented with
10% fetal bovine serum but without antibiotics one day before transfection. The next
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day the cells were ~90% confluent and the serum supplemented media was replaced by
OPT-MEM without serum before transfection. The transfection was carried out using
kinase-dead dominant-negative Src constructs, KD (mutation of lysine 295 to
methionine) and KDYF (mutation of lysine 295 to methionine and of tyrosine 527 to
phenylalanine), or empty vector (PKB), which are provided by Dr. Archana Sanjay
(Temple University, PA). Briefly, 4 pug plasmid DNA was dissolved in 250 pl OPTI-MEM
(Invitrogen, Carlsbad, CA) and incubated at room temperature for 5 minutes. 10 pl
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was diluted in 250 pul OPTI-MEM. The
dissolved DNA and the diluted Lipofectamine 2000 were mixed together and incubated
at room temperature for 20 minutes. The mixture of DNA and Lipofectamine was added
to cell culture drop by drop. Twenty-four hours after transfection, cells were treated with
5ng/ml TGF- 1 for 8 hours and collected in RIPA buffer consisting of 50 mM Tris-HCI
(pH 7.5), 135 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 2 mM EDTA,
50mM NaF, 2mM sodium orthovanadate, 10 pg/ml aprotinin, 10 pg/ml leupeptin and 1

mM PMSF.

Src siRNA Transfection
ROS17/2.8 cells were cultured in 6-well plate with -MEM supplemented with
10% fetal bovine serum but without antibiotics one day before transfection. The next
day cells were transfected with Src siRNA or non-targeting scrambled siRNA control
(Dharmacon, Lafayette, CO) by Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA)
following the company’s protocol. A Src specific SIRNA SMARTpool consisting of four
target-specific 19-nucleotide siRNA duplexes was manufactured base on the open
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reading frame of rat Src (accession number in GenBank: NM_031977) by Dharmacon
Research (Lafayette, CO). siGENOME non-targeting siRNA pool from the Dharmacon
research was used as a negative control. Briefly, final concentration of 60 nM siRNA
was dissolved in 250ul OPTI-MEM (Invitrogen, Carlsbad, CA) for 5 minutes at room
temperature. 5 pl Lipofectamine RNAIMAX was diluted in 250 pul OPTI-MEM. The
dissolved siRNA and diluted Lipofectamine RNAIMAX were mixed and incubated at
room temperature for 20 minutes. Then the mixture was added to cell culture drop by
drop. After transfected for indicated time period, cells were serum starved for additional

24 hours followed by indicated treatment.

Protein Isolation and Western Blotting

2 x 10° cells/200mm culture dish were washed twice in PBS and harvested from
culture dishes in protein extraction buffer (RIPA buffer) consisting of 50 mM Tris-HCI
(pH 7.5), 135 mM NacCl, 1% Triton X-100, 0.1% sodium deoxycholate, 2 mM EDTA, 50
mM NaF, 2 mM sodium orthovanadate, 10 pg/ml aprotinin, 10 pg/ml leupeptin and 1
mM PMSF. Cell lysates were agitated for 24 hours in 4T and centrifuged at 14,000xg
for 10min at 4C. The supernatant was stored in -8 0T for later Western blot studies.
The total protein concentration was measured using the BCA Protein Assay Reagent Kit
(Pierce, Rockford, IL) according to the manufacturer’s instructions. 20 or 50 ug protein
from each sample was mixed with equal volume of 2xlaemmli loading buffer and boiled
at 100 for 3 minutes. Samples were subjected to electrophoresis on 10% Tris-
Glycine ready gels (Bio-Rad, Hercules, CA) and transferred to PVDF filters or
nitrocellulose membranes (Bio-Rad, Hercules, CA) by electroblotting. After 1 hour
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blocking in 5% BSA or 3% dry milk/0.5% BSA (per antibody instructions) at room
temperature, blots were incubated with one of the following primary antibodies: p-Erk
(1:1000), p-Smad2 (Serine 465/467) (1:1000), p-Smad3 (Serine 423/425)(1:1000), p-
Smad3 (Serine 213) (1:1000), p-Src (Tyr 416) (1:1000), total Erk (1:1000), total
Smad?2/3 (1:1000), total Src (1:1000), Avian Src (1:1000), Lamin A/C (1:500), b-actin
(2:5000), or CTGF (1:200), and then with the corresponding HRP-conjugated secondary
antibody (1:10,000) or Infrared-conjuated secondary antibody (1:10,000). Antigens
were detected using the Pierce supersignal west pico chemiluminescent substrate
system for HRP conjugated secondary antibodies or Li-Cor Odessey system for

infrared-conjugated secondary antibodies.

Nuclear Protein Separation

The nuclear protein separation was carried out using the protocol described by
Dignam et al. (Dignam, Martin, Shastry, & Roeder, 1983). Cells (3 x 10°) were
harvested after treatment and washed in PBS. After centrifugation, the cell pellet was
resuspended in 50 | sucrose buffer containing 0.32 M Sucrose, 10 mM Tris HCI (pH
8.0), 3 mM CacCl2, 2mM MgOAc, 0.1 mM EDTA, 0.5% NP-40, 1 mM DTT and 0.5 mM
PMSF. The lysates were centrifuged at 500xg for 5 minutes at 4C. The nuclear pellet
was washed in sucrose buffer without NP-40. After centrifugation, the nuclear pellets
were resuspended in 15 | low salt buffer containing 20 mM HEPES (pH 7.9), 1.5 mM
MgCl,, 20 mM KCI, 0.2 mM EDTA, 25% glycerol, 1% NP-40, 0.5 mM DTT, 0.5 mM
PMSF and in an equal volume (15 ) of high salt buffer containing 20 mM HEPES (pH

7.9), 1.5 mM MgCl, 800 mM KCI, 0.2 mM EDTA, 25% glycerol, 1% NP-40, 0.5 mM
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DTT, 0.5 mM PMSF, and 4 g/ml aprotinin. Lysates were incubated at 4C for 30min
with agitation followed by centrifuge at 14,000xg for 10min at 4C. The supernatants
containing the nuclear protein lysate were collected and the protein concentration was
determined using the Bradford protein assay. The nuclear proteins were used for

Western blot analysis.

Immunofluorescence Staining

Cells were plated at 5000/chamber in chamber slides (Nunc, Rochester, NY) in
serum-supplemented medium for 24 hours. Cells were then serum deprived for 24
hours prior to treatment. Some chambers were pretreated with 20 M PP2 (Src kinase
inhibitor), 20 M PD98059 (Erk inhibitor), or an equal volume of DMSO (diluent control)
for 30 minutes prior to TGF- 1 treatment (5 ng/ml) for an additional 30 minutes.
Following treatment, cells were washed twice in PBS and fixed in 4% paraformaldehyde
for 15 minutes at room temperature. The cells were washed again in PBS and
permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature. After three
washes in PBS, slides were blocked using 1% BSA in PBS for 1 hour at room
temperature. Cells were incubated with either anti-phospho Smad2 (1:100) and anti-
phospho Smad3 (1:250) overnight at 4C. After thre e washes in PBS-0.1% Tween 20,
cells were incubated with anti-DAPI antibody (1:1000; Calbiochem, Gibbstown, NJ) and
fluorescein-conjugated secondary antibody (1:1000; West Grove, PA) for 1 hour at room
temperature. The cells were washed again with PBS-T for three times, mounted using

the mounting fluid (Light Diagnostics, Murray, Utah), and examined with a Nikon Eclipse
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E800 epifluorescent microscope. All images were captured using a Retiga EXi digital

camera.

Electro-Mobility Shift Assay

Nuclear extracts from TGF- 1 treated cells with or without PD98059 pretreatment
were prepared following the nuclear protein separation protocol described above. The
electro-mobility shift assays and oligonucletide probes used in this study were prepared
as previously described (Arnott, et al., 2008). Briefly, probes were synthesized that were
homologous to the native sequence found in the CTGF promoter and labeled with [ -
32p] ATP (Amersham, Louisville, CO) and T4 polynucleotide kinase (NEB, Ipswich, MA).
The binding reaction is composed of 5 g of nuclear extract, 1x binding buffer [5x
binding buffer: 50 mM Tris—HCI (pH8.0), 750 mM KCI, 2.5 mM EDTA, 0.5% Triton X-
100, 62.5% glycerol and 1 mM DTT], poly-didc (1 g/ml), and 10,000 cpm of labeled
probe. After incubating at room temperature for 30 minutes the entire sample was

loaded on a 4% acrylamide, 60:1 acrylamide:bisacrylamide gel using 0.5% TBE.
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S-T (s) 5-CCAGCTTTTTCAGACGGAGGAATGTGGAGTGTCAAGGGGTCAGGATCA-3'

S-T (as) 5-TGATCCTGACCCCTTGACACTCCACATTCCTCCGTCTGAAAAAGCTGG-3'

S (s) 5'-CCAGCTTTTTCAGACGGAGGAATGTGGA-3'

S (as) 5-TCCACATTCCTCCGTCTGAAAAAGCTGG-3'

T (s) 5-ATGTGGAGTGTCAAGGGGTCAGGATCAATCCG-3'

T (as) 5-CGGATTGATCCTGACCCCTTGACACTCCACAT-3'
Figure 8. The probes used in EMSA. The probes were created based on the
sequences of proximal promoter region of rat CTGF. The S-T probe (S-T) contains both

the Smad binding element (SBE) and TGF- responsive element (TRE), the S probe (S)
has only SBE and the T probe (T) has only TRE.
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CHAPTER 4

RESULTS

TGF- 1 Induces CTGF Expression in ROS Osteoblast-like Ce lIs

CTGF induction by TGF- 1 is a cell-type dependent event and it has been
shown that TGF- 1 induces CTGF expression in numerous cell types. Recently, we
found that in primary osteoblasts CTGF could be induced by TGF- 1 in a time- and
dose-dependent fashion (Arnott, et al., 2007). In this study we first examined whether
CTGF could be induced by TGF- 1 in rat osteosarcoma osteoblast-like cells
(ROS17/2.8). ROS osteoblast-like cells belong to a transformed osteoblast cell line and
are considered as more differentiated osteoblasts (Kartsogiannis & Ng, 2004). This cell
line is widely used for studies of osteoblast differentiation and function (Granet, Vico,
Alexandre, & Lafage-Proust, 2002; Majeska & Rodan, 1982; Noda, 1989; Rodan &
Majeska, 1982; Takai, et al., 2008; Zirngibl, Chan, & Aubin, 2008). In this study, cells
were treated with 5ng/ml TGF- 1 for various times as indicated in figure 9. The TGF- 1
dose of 5 ng/ml was used for this and all subsequent experiments since we had
previously demonstrated that this was the minimal dose required for maximal induction
of CTGF (Arnott, et al., 2007). Time course analysis of CTGF expression following
TGF- 1 stimulation in ROS osteoblast-like cells, demonstrated that CTGF expression

was evident as early as 2 hours and reached maximal levels after 4 to 8 hours
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Figure 9. TGF- bl induces CTGF expression in a time-dependent fashi on. ROS
osteoblast-like cells were cultured until they were 80% confluent, serum deprived for 24
hours, and treated with TGF-b1 (5 ng/ml) for indicated times. Whole cells lysates were
extracted in RIPA buffer and 20 ny total protein was resolved by SDS-PAGE on Tris-
glycine gels and transferred to PVDF membranes. Blots were probed with antibody

against CTGF followed by stripping and reprobing with b-actin antibody to verify equal
protein loading. Induction of CTGF expression reaches maximal levels at 4 hours post-

TGF-b1 treatment. The experiment was repeated 3 times with similar results.
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stimulation with TGF-b1 (Figure 9). After 24 hours treatment, CTGF up-regulation
abated (Figure 9). Therefore, we chose the 4 hour time point for all subsequent studies

involving induction of CTGF expression by TGF-b1 using ROS osteoblast-like cells.

Src is Required for CTGF Induction by TGF- 1 in Osteoblasts

Studies have shown that Src family kinase can act as a downstream signaling
effector for TGF- 1 in different cells types (Kutz, et al., 2006; Samarakoon, Higgins,
Higgins, & Higgins, 2009; Samarakoon & Higgins, 2008) (S. E. Wang, et al., 2009)
(Galliher-Beckley & Schiemann, 2008; Galliher & Schiemann, 2006, 2007) (Mishra, et
al., 2007) (Murillo, et al., 2005). To determine whether Src kinase could be activated by
TGF- 1in ROS osteoblast-like cells, we performed Western blot analysis using the
phosphorylated tyrosine 416 antibody. The phosphorylated tyrosine 416 antibody can
potentially detect all activated Src family members if they are phosphorylated at
equivalent sites, so this antibody is not specific for Src activation alone. Western blot
analysis demonstrated a time-dependent activation of Src family kinase following TGF-

1 stimulation with maximal activation occurring at 20 minutes post-treatment (Figure

10A). After 60 minutes the phosphorylation level was comparable to the basal pre-
treatment level (Figure 10A). Total Src levels remained constant at all time points and
b-actin was used as a loading and transfer control (Figure 10A).

PP2, a Src family kinase inhibitor, has been widely used to evaluate the
physiological and pathological roles of Src family kinases. PP3 is the inactive analog of

PP2 and is used as a negative control. When we pre-treated cells with PP2, PP3 or
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Figure 10. Src family kinase is activated by TGF- bl. ROS osteoblast-like cells were
cultured until they were 80% confluent and serum deprived for 24 hours before any
treatment. (A) To determine the time course for Src family kinase activation, serum-
deprived cells were treated with TGF- 1 (5 ng/ml) for O, 5, 10, 15, 20, 30 or 60 minutes.
After treatment, protein was extracted in RIPA buffer and 50ng total protein was for
Western blot analysis. Blots were probed with antibody for phospho-Tyrosine 416 Src
family, stripped and reprobed with total Src antibody. Src kinase activation reaches
maximal level 20 minutes following TGF-b1 treatment. The experiment was repeated 4
times with similar results. (B) Serum-starved cells were pre-treated with 20 M PP2
(Src kinase inhibitor) or PP3 (inactive analog, negative control), or with DMSO (the
diluent for PP2 and PP3) for 30 minutes and then treated with TGF-b1 (5 ng/ml) for 20
minutes. Blots were probed with antibody for phospho-Tyrosine 416 Src family, stripped
and reprobed with total Src antibody as well as b-actin antibody to verify equal protein
loading. Western blot analysis demonstrated that PP2 prevents TGF-b1 induced Src
activation compared to controls. The experiment was repeated 4 times with similar
results.
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DMSO (the diluent for PP2 and PP3), we found that PP2 could effectively block TGF- 1
induced Src kinase activation, while PP3 and DMSO did not have an inhibitory effect on
Src activation (Figure 10B). Based on these results, PP2 and PP3 were used in
subsequent studies.
In the previous experiments we showed that CTGF was up-regulated and that

Src kinase was activated by TGF- 1. Next we were interested in determining whether
TGF- 1 induced activation of Src kinase activation was important for TGF- 1 induced
CTGF expression or not. We analyzed the dose-dependent effect of PP2 on CTGF
expression in both primary osteoblasts and ROS osteoblast-like cells. Previously our
group demonstrated that CTGF was induced by TGF- 1 in primary osteoblasts as early
as 4 hours post-TGF- 1 treatment with maximal levels being achieved at 8 hours
(Arnott, et al., 2007). CTGF expression levels remained high for up to 24 hours post-
treatment which was the longest time point we tested (Arnott, et al., 2007). Primary
osteoblasts were pre-treated with the indicated doses of PP2 for 30 minutes, followed
by 8 hours treatment with TGF- 1. Western blot analysis demonstrated a dose-
dependent inhibition of TGF- 1 stimulated CTGF expression by PP2 with maximal
effect at the 20 M dose (Figure 11A). In ROS osteoblast-like cells, we found that 20

M PP2 effectively blocked CTGF up-regulation by TGF- 1, while PP3 and DMSO had
no inhibitory effect on CTGF up-regulation (Figure 11B). Since 20 M PP2 was the
optimal dose for both primary osteoblasts and ROS osteoblast-like cells, this dose was
used in all subsequent experiments.

Src is the prototype of the Src family kinases and Src has been shown to play an
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Figure 11. Src kinase activity is required for CTGF induction by TGF- bl. Primary
osteoblasts (A) or ROS osteoblast-like cells (B) were cultured until they were 80%
confluent, serum starved for an additional 24 hours, and pre-treated with PP2 (at
indicated concentrations), DMSO (the diluent for PP2) or PP3 (20 nmM; the inactive
analog of PP2) for 30 minutes followed by TGF-b1 (5 ng/ml) stimulation for 8 hours
(primary osteoblasts) or 4 hours (ROS osteoblast-like cells). Cell lysates were
harvested in RIPA buffer and 20 nyg total protein was used for Western blot analysis.
Blots were probed with antibody against CTGF followed by stripping and reprobing with
b-actin antibody as a loading/transfer control. PP2 blocks the induction of CTGF
expression by TGF-b1 (maximal effect at a dose of 20 nM) in primary and ROS
osteoblasts. The experiments were repeated 3 times with similar results.
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important role in regulating osteoblast function (Marzia, et al., 2000). Since PP2 is a
broad-spectrum inhibitor for all Src family members, we wanted to determine whether
the Src family kinase mediated up-regulation of CTGF was specific to Src. In a previous
study we demonstrated that when primary osteoblasts were transfected with two
independent kinase dead Src dominant negative constructs, Src-KD or Src-KDYF,
CTGF promoter activity was dramatically reduced (Arnott, et al., 2008). First, we
analyzed which Src family members are expressed in osteoblasts. We assessed the
endogenous expression of four major members of the Src kinase family which exhibit a
high degree of sequence similarity, including Fyn, Yes, Hck and Src, in both primary
osteoblasts and ROS osteoblast-like cells. Western blot analysis demonstrated that
Src, Yes and Hck were expressed in both primary cells and ROS osteoblast-like cells
while Fyn was only expressed in ROS osteoblast-like cells (Figure 12).

To determine whether Src specifically is required for TGF- 1 induced CTGF
expression, we utilized different approaches in primary osteoblasts and in ROS
osteoblast-like cells. In primary osteoblasts, we transfected cells with Src-KD or Src-
KDYF constructs which have been shown to function in a dominant negative fashion to
block Src activation (Destaing, et al., 2008). The KD construct contains the mutation of
lysine 295 to methionine, so catalytic ability of Src is abolished. The KDYF construct
contains two point mutations, including lysine 295 to methionine and tyrosine 527 to
phenylalanine. The KDYF construct has an open conformation instead of a closed
conformation. When either of these constructs are transfected into cells, they function

as dominant negative kinase-dead Src. An avian Src antibody was used in Western
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Figure 12. Endogenous expression of Src family memb ers in osteoblasts.  Primary
osteoblasts and ROS osteoblast-like cells were cultured until 80% confluent, protein
extracted in RIPA buffer, and 20 ng protein was used for Western blot analysis. Blots
were probed with antibodies for the specific Src family members, Src, Fyn, Yes and Hck
and b-actin was used as control to verify equal protein loading. In addition to Src, Fyn,
Yes, and Hck, are also expressed in primary and ROS osteoblasts. The experiment
was repeated 3 times with the same results.
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blot analysis to monitor how much exogenous Src was expressed after transfection. In
primary osteoblasts, both the KD and KDYF constructs effectively blocked TGF- 1
induced CTGF expression compared with the empty vector transfection (Figure 13A).
The KDYF construct was somewhat less effective compared to the KD construct since
less KDYF was transfected into osteoblasts as demonstrated using the avian Src
antibody (Figure 13A). We tried to use the same approach in ROS osteoblast-like cells,
but the transfection efficiency was too low to perform further analysis. Therefore we
opted to use the siRNA technique in ROS osteoblast-like cells to knockdown Src. First
we initially conducted a time course study to determine the conditions for maximal
knockdown of Src. As early as 24 hours after transfection, total Src levels decreased
approximately 50% compared to the scrambled non-targeted control siRNA transfection
(Figure 13B). At 48 hours post-transfection, total Src levels were maximally decreased
up to 90% compared to the scrambled non-targeting siRNA control (Figure 13B).
Therefore, in subsequent experiments, a 48-hour-transfection was used.

To determine whether knockdown of Src could effectively block TGF-b1 induction

of CTGF in ROS osteoblast-like cells, we transfected cells with Src siRNA for 48 hours

Figure 13. Src kinase inactivation abrogates CTGFi  nduction by TGF- bl. (A)
Primary osteoblasts were cultured until 90% confluent and transfected with 4ng of either
of two kinase-dead dominant negative-Src constructs, KD (Mutation of Lysine 295 to
Methionine) or KDYF (Mutation of Lysine 295 to Methionine and Tyroine 517 to
Phenylalanine), or empty vector for these constructs (PBK) for 24 hours using
Lipofectamine 2000. Following transfection, cells were treated with TGF-b1 (5 ng/ml)
for an additional 8 hours. Cells lysates were prepared using RIPA buffer and 20 ng
protein was used for Western blot analysis. Expression of the exogenous Src
constructs was assessed using an anti-avian Src antibody. Both dominant negative Src
constructs block TGF-b1 induction of CTGF expression. The experiment was repeated
3 times with similar results. (B) ROS osteoblast-like cells were cultured until 50~60%
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confluence and transfected with Src-specific SIRNA (siSrc) (60 nM) for 0, 24, 36 or 48
hours using the Lipofectamine RNAiMax kit. A non-targeting scrambled siRNA (siCon)
was used as a negative control. Following transfection for the indicated times, cell
lysates were collected in RIPA buffer and 20 ng total protein was resolved by SDS-
PAGE. The blot was probed with total Src antibody, stripped and reprobed with b-actin
antibody. The time course demonstrates maximal inhibition of Src expression at 48
hours post-transfection. The experiment was repeated 3 times with similar results. (C)
ROS osteoblast-like cells were transfected with Src-specific SiRNA (siSrc) (60 nM) or
non-targeting scrambled siRNA (siCon) for 48 hours as described above, serum starved
for an additional 24 hours and treated with TGF-b1 (5 ng/ml) for 4 hours. Cells lysates
were collected in RIPA buffer and 20 ny total protein analyzed by Western blot. Note
that the knockdown of Src by the Src specific SIRNA blocks CTGF induction by TGF-b1
in ROS osteoblast-like cells but doesn’t affect the protein expression of Fyn and Yes.
The experiment was repeated 4 times with similar results.
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followed by 4 hours TGF- 1 treatment. Knockdown of Src (>90%) prevented CTGF
induction (~75%) after TGF- 1 stimulation (Figure 13C). To confirm that the Src SiRNA
we used was specific to Src, we also assessed the level of Fyn and Yes after Src sSiRNA
transfection. There was no change in Fyn and Yes levels after Src siRNA transfection,
confirming that Src siRNA we used is specific to Src (Figure 13C).

In summary, using the kinase dead dominant-negative Src and Src SiRNA
approaches, we demonstrated that Src is the specific family member that mediates
TGF- 1 induction of CTGF expression in both primary osteoblasts and ROS osteoblast-

like cells.

Erk is Required for CTGF Induction by TGF- 1

Studies have shown that MAPKSs can be activated by TGF- 1 in numerous cell
types (Blanchette, et al., 2001; Hayashida, et al., 2003; Hayashida, et al., 1999;
Hayashida, et al., 2007; P. Liu, et al., 2008; Massague, 2003; Watanabe, de
Caestecker, & Yamada, 2001; Yang, Patel, Harding, Sorokin, & Glass, 2007). The
identity of the specific MAPK(s) that are activated, including Erk1/2, p38 and JNK1/2/3,
is cell-type dependent. In primary osteoblasts, luciferase reporter analyses showed that
both the MEK inhibitor, PD98059, and a dominant negative Erk construct blocked TGF-

1 induced CTGF promoter activity (Arnott, et al., 2008). However, neither dominant-

negative p38 nor dominant-negative JNK could block TGF- 1 induced CTGF promoter
activity (Arnott, et al., 2008). Based on these observations, we further evaluated the

role of Erk in TGF- 1 induced CTGF expression.
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We conducted an initial time course study of Erk activation after TGF- 1
treatment in ROS osteoblast-like cells. Western blot analysis revealed time-dependent
activation of Erk with maximal activation occurring at 20 minutes post-treatment (Figure
14A). At 60 minutes post-treatment, Erk phosphorylation was comparable to basal pre-
treatment levels (Figure 14A). The total Erk levels remained constant at all time points
(Figure 14A). Therefore, the 20 minutes post-treatment time point was selected for
subsequent analysis of Erk activation.

Next we tested various doses of the MEK1/2 inhibitors, PD98059 or U0126, to
determine the optimal dose of each that could block Erk activation. PD98059 and
U0126 are the first discovered pharmacological inhibitors targeting Erk. They exert their
effects by preventing the phosphorylation of MEK1/2 and/or conformation transition that
generate active enzymes (Favata, et al., 1998). In ROS osteoblast-like cells, 20 uM of
PD98059 and 30 uM of U0126 could effectively prevent TGF- 1 induced Erk activation
(Figure 14B).

In order to determine whether Erk plays a role in TGF- 1 induced CTGF
induction, we utilized the pharmacological inhibitors, PD98059 or U0126, to block Erk
activation. Primary osteoblasts and ROS osteoblast-like cells were pre-treated with
PD98059 at the indicated doses followed by TGF- 1 treatment for 8 hours in primary
osteoblasts or for 4 hours in ROS osteoblast-like cells. PD98059 dose-dependently
blocked TGF- 1 induced CTGF expression in both primary osteoblasts and in ROS
osteoblast-like cells with the maximal effect at 20 M (Figure 15A and B). When we
pre-treated ROS osteoblast-like cells with U0126, we found that it also inhibited TGF- 1
induced CTGF expression with the maximal inhibitory effect occurring at 30 M (Figure
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Figure 14. Erk is activated by TGF- bl. ROS osteoblast-like cells were cultured until
80% confluent and serum starved for an additional 24 hours prior to treatment. (A) To
determine the time course for Erk activation by TGF-b1, cells were treated with TGF-b1
(5 ng/ml) for 0, 5, 10, 15, 20, 30 or 60 minutes. After treatment, protein was extracted in
RIPA buffer and 20 ng total protein was used for Western blot analysis. Blots were
probed for phospho-Erk1/2 antibody, stripped and reprobed for total Erk. Erk activation
reaches maximal levels after 20 minutes TGF-b1 treatment. The experiment was
repeated 4 times with similar results. (B) Serum-starved cells were pre-treated with
PD98059 (PD; 20 mM; a MEK1/2 inhibitor) or DMSO (the diluent for PD98059) for 30
minutes followed by TGF-b1 (5 ng/ml) treatment for another 20 minutes. Protein was
extracted in RIPA buffer and 20 ng total protein was used for Western blot analysis.
The MEK1/2 inhibitor, PD98059, blocks TGF-b1 induced Erk activation. Experiment
was repeated 3 times with similar results. (C) Serum-starved cells were pre-treated with
U0126 (U; 30 nM; another MEK1/2 inhibitor) or DMSO (the diluent for U0126) for 30
minutes followed by TGF-b1 (5 ng/ml) treatment for another 20 minutes. Protein was
extracted in RIPA buffer and 20 ny total protein was used for Western blot analysis.
The MEKZ1/2 inhibitor, U0126, also blocks TGF-b1 induced Erk activation. The
experiment was repeated 3 times with similar results.
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Figure 15. Erk is required for CTGF induction by TG F-b1. Cells were cultured until
they were 80% confluent and serum starved for 24 hours prior to any treatment. Cells
were pre-treated with the MEK1/2 inhibitors, PD98059 (PD) or U0126 (U), at indicated
concentrations or DMSO (the diluent for PD98059 or U0126) prior to TGF-b1 (5 ng/ml)
treatment for 8 hours (A; primary osteoblasts) or 4 hours (B,C; ROS osteoblast-like
cells). Cell lysates were prepared in RIPA buffer and total protein (20 ng) used for
Western blot analysis. Blots were probed for CTGF, stripped and reprobed for b-actin.
The inhibition of Erk in both primary and ROS osteoblasts prevents TGF-b1 induction of
CTGF expression. The experiments were repeated 3 times with similar results.
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15C). Therefore, these doses (20 nM for PD98059 and 30 nM for U0126) of the Erk

inhibitors were used for subsequent studies.

Cross-talk between Src, Erk and Smads in ROS Osteob  last-like Cells

In general, TGF- 1 exerts its functions through Smad signaling. Briefly, TGF- 1
binds to its two transmembrane receptors, type | and type I, which causes activation
(phosphorylation) of the type | receptor. Subsequently, Smad 2 and Smad 3 are
activated (phosphorylated) by type | receptor and Smad 4 is recruited to the activated
Smad complex. This Smad 2/3/4 complex translocates to the nucleus and functions as
transcription factor to induce gene transcription (Massague, 1998). In addition to the
canonical Smad signaling pathway, recent studies have demonstrated that other
signaling effectors, including Src family kinases and MAPKSs, can be activated by TGF-

1 in some cells and that these non-canonical signaling molecules may function as

important regulators of Smad signaling (Joo, et al., 2008; Samarakoon, et al., 2009;
Samarakoon, et al., 2008; Sato, et al., 2005) (Hayashida, et al., 2003; Imamichi, et al.,
2005; Kretzschmar, et al., 1999; Matsuura, et al., 2005; G. Wang, et al., 2009;
Watanabe, et al., 2001; Yang, et al., 2007). In our preceeding studies we demonstrated
that Src and Erk are required for CTGF induction by TGF- 1 in both rat primary
osteoblasts and ROS osteoblast-like cells, so the next approach was aimed at
delineating any potential cross-talk between Src, Erk and Smad signaling in osteoblasts.

ROS osteoblast-like cells were used for these studies instead of rat primary
osteoblasts since heterogeneity of cells in primary cultures can affect biochemical or

molecular analyses. For this reason, we chose to use the ROS osteoblast-like cells for
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our experiments. This cell line has been used extensively by several groups to study
signaling and gene expression mechanisms in osteoblasts (Granet, et al., 2002;
Lajeunesse, et al., 1998).

In previous studies (see Figures 11 and 13), we have shown that PP2, the Src
inhibitor and dominant-negative-Src/siSrc have the same effect on inhibiting TGF-b1
induction of CTGF expression, demonstrating the Src specificity of this effect.
Therefore, in the subsequent signaling studies, we chose to use PP2 instead of
transfecting the cells to avoid any side effects of transfection on cell signaling
molecules.

In some signaling pathways, Src has been shown to be upstream of Erk (Mishra,
et al., 2007) (Tanaka, et al., 2004). First we wanted to determine whether Src could
regulate the activation of Erk. In these experiments, we pre-treated ROS osteoblast-like
cells with the Src inhibitor, PP2, or the Erk inhibitor, PD98059, for 30 minutes and then
stimulated them with TGF- 1 for an additional 20 minutes. Previous studies revealed
that 20 minutes post-TGF- 1 treatment caused maximal Erk activation (Figure 14A).
Western blot analysis of cell lysates demonstrated that the activation of Erk was
completely blocked following Src kinase inhibition (Figure 16). The Erk inhibitor,
PD98059, was used as a control, and effectively blocked Erk activation subsequent to
TGF- 1 treatment (Figure 16). More importantly, the Erk inhibitor had no effect on Src
activation induced by TGF- 1, demonstrating that Erk was not upstream of Src. Total
Src and total Erk levels were not affected by any of these treatments (Figure 16). These

results demonstrate that Src functions upstream of Erk in osteoblasts.
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Figure 16. Src functions upstream of Erk. ROS osteoblast-like cells were cultured
until they were 80% confluent and serum starved for 24 hours. Cells were pre-treated
with PP2 (20 nM), PD98059 (PD; 20 niM) or DMSO (the diluent for PP2 or PD98059) for
30 minutes, and then treated with TGF-b1 (5 ng/ml) for 20 minutes. Cell lysates were
prepared in RIPA buffer and total protein (50 ng) used for Western blot analysis. Blots
were probed for phospho-Erk1/2 and total Erk, phospho-Tyr416 Src and total Src as
well as b-actin to verify equal protein loading. The inhibition of Src activation by PP2
also blocks the activation of Erk, whereas inhibition of Erk has no effect on Src
activation by TGF-b1. The experiment was repeated 4 times with similar results.
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Since Smad signaling is essential for TGF- 1 induction of CTGF in osteoblasts
(Arnott, et al., 2008), we were interested in examining whether Src or Erk could affect
Smad activation and/or nuclear translocation subsequent to TGF- 1 treatment in ROS
osteoblast-like cells. We conducted an initial time course study to assess the activation
of Smad 2 and Smad 3 by TGF- 1. In the canonical TGF- 1 signaling pathway, the
SSXS motif at the C-terminus of Smad 2/3 is phosphorylated by the type | receptor
(Chacko, et al., 2004). The antibodies against phosphorylated serine 465/467 of Smad
2 or serine 423/425 of Smad 3 at the C-terminus can only recognize the receptor
phosphorylated Smad 2 and Smad 3, respectively. Western blot analysis of cell lysates
using these antibodies revealed a time-dependent activation of Smad 2 and Smad 3
(Figure 17A), while there was no change in total Smad 2/3 level in ROS osteoblast-like
cells.

Next we investigated how Src and Erk affect Smad 2 and Smad 3 activation after
TGF- 1 stimulation. ROS osteoblast-like cells were pre-treated with 20 M PP2 or
PD98059 for 30 minutes followed by 5ng/ml TGF- 1 for 20 minutes. Western blot
analysis using the phosphorylated serine465/467 Smad 2 or serine 423/425 Smad 3
antibodies revealed that pre-treatment of PP2 blocked the phosphorylation of Smad 2
and Smad 3 induced by TGF- 1 (Figure 17B). DMSO, the diluent for PP2, had no
inhibitory effect on Smad 2 or Smad 3 phosphorylation (Figure 17B). On the contrary,
the Erk inhibitor, PD98059, did not prevent Smad 2 or Smad 3 phosphorylation after
TGF- 1 stimulation (Figure 17B). To confirm the effect of PD98059 on Smad 2 and
Smad 3 activation, we used another Erk inhibitor, U0126. Cells were pre-treated with

30 uM U0126 followed by TGF-b1 stimulation. This inhibitor also had no effect on Smad
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ROS osteoblast-

like cells were cultured until they were 80% confluent and serum starved for 24 hours
prior to any treatment. (A) To determine the time course for TGF-b1 induced Smad2
and Smad3 activation, cells were treated with TGF-b1 (5 ng/ml) for 0, 5, 10, 15, 30 or 60
minutes. Protein was extracted in RIPA buffer and 20 ny total protein was used for
Western blot analysis. Blots were probed with antibodies for phospho-Ser 465/467
Smad2 or phospho-Ser 423/425 Smads3, stripped and reprobed with total Smad2/3
antibody. Both Smad2 and Smad3 demonstrate the robust activation following TGF-b1
treatment with maximal activation occurring 20 minutes post-treatment. The experiment
was repeated 3 times with similar results. (B) Serum-starved cells were pre-treated with
the Src kinase inhibitor, PP2 (20 nM), the Erk inhibitor, PD98059 (PD; 20 nM), or diluent
(DMSO) alone for 30 minutes followed by treatment with TGF-b1 (5 ng/ml) for 20
minutes. Whole cell lysates (20 ng) were used for Western blot analysis. While Src
inhibition blocks activation of Smad2 and Smad3, Erk inhibition has no effect on Smad
activation. Experiment was repeated 3 times with similar results. (C) Similar to the
previous experiment using the Erk inhibitor (PD98059) shown in (B), Western blot
analysis of cells pre-treated with another Erk inhibitor, U0126 (U; 30 mM for 30 minutes),
demonstrated that inhibition of Erk activation has no effect on Smad activation. The
experiment was repeated 3 times with similar results.
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2 or Smad 3 phosphorylation (Figure 17C). In both of these experiments, the Erk
inhibitors did not affect TGF- 1 induced Smad 2 or Smad 3 activation.

Recent studies have shown that Erk could modify the linker region between the
MH1 and MH2 domain of R-Smads (Furukawa, et al., 2003; Kamaraju & Roberts, 2005;
Kretzschmar, et al., 1999; Matsuura, et al., 2005; G. Wang, et al., 2009). Our previous
results demonstrated that Erk couldn’t affect the phosphorylation of Smad 2 or Smad 3
at the conserved C-terminal SSXS maotif, but this finding does not rule out the possibility
that Erk could modify the linker region phosphorylation. There is a commercially
available antibody that can recognize the phosphorylated serine 213 at the linker region
of Smad 3. Therefore, we determined the phosphorylation status of linker region of
Smad 3 under different conditions. Western blot analysis of whole cell lysates
demonstrated a time-dependent phosphorylation of serine 213 at the linker region of
Smad 3 (Figure 18A). Phosphorylation of serine 213 could be detected as early as 15
minutes post-treatment and it increased with time (Figure 18A). Interestingly, the
phosphorylation of the linker region occurred later than the phosphorylation of the
conserved SSXS motif.

To investigate whether Src inhibitor, PP2, or the Erk inhibitors, PD98059 and
U0126, could affect the phosphorylation of linker region, we treated ROS osteoblast-like
cells by 5 ng/ml TGF- 1 for 20 minutes with or without pre-treatment with each of the
pharmacological inhibitors. Once again, only the Src inhibitor blocked TGF- 1 induced
serine 213 phosphorylation, while the Erk inhibitors did not inhibit TGF- 1 induced
serine 213 phosphorylation (Figure 18B). Controls included PP3, the inactive analog of
PP2, or DMSO, the diluent for the pharmacological inhibitors, and they had no inhibitory
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Figure 18. Inhibition of Src, but not Erk, blocks S mad3 linker region
phosphorylation. ROS osteoblast-like cells were cultured until they were 80%
confluent and serum starved for 24 hours before any treatment. (A) To determine the
time course for phosphorylation of Smad3 linker region (serine 213), serum-deprived
cells were treated with TGF-b1 (5 ng/ml) for O, 5, 10, 15, 20, 30 or 60 minutes. Cell
lysates were prepared in RIPA buffer and total protein (50 ng) was used for Western
blot analysis. Phosphorylation reaches maximal levels within 15~20 minutes of TGF-b1l
treatment. Experiment was repeated 3 times with similar results. (B) Serum-deprived
cells were pre-treated with PP2 (20 nM; Src kinase inhibitor), PD98059 (PD; 20 niM; Erk
inhibitor), U0126 (U; 30 nmM; Erk inhibitor), PP3 (an inactive analog of PP2), or DMSO
(diluent only) for 30 minutes followed by TGF-b1 stimulation (5 ng/ml) for 20 minutes.
Western blot analysis was performed on cell lysates (50 ng) using a specific antibody
against phosphorylated Serine 213 Smad3. The results demonstrated that inhibition of
Src, but not Erk, blocks linker region phosphorylation of Smad3. The experiment was
repeated 4 times with similar results.
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effect on TGF- 1 induced serine 213 phosphorylation (Figure 18B). This experiment
together with the SSXS motif phosphorylation experiment demonstrated that Src
positively regulates Smad phosphorylation, while Erk does not regulate Smad
phosphorylation.

Although the inhibition of Erk did not affect TGF- 1 induced Smad
phosphorylation, it is possible that Erk inhibition could affect the nuclear translocation of
phosphorylated Smads, the immediate downstream event after phosphorylation. In
order to examine the effects of Erk inhibition on nuclear translocation, we first
established the time course for the nuclear translocation of Smad complex. ROS
osteoblast-like cells were treated with 5 ng/ml TGF- 1 for various times after which
nuclear proteins were isolated and used for Western blot analysis. In the nuclear
protein extract, phosphorylated Smad 2 and Smad 3 were detected as early as 15
minutes post-treatment and accumulated with time (Figure 19A). LaminA/C, a nuclear
marker, was used as a control for sample loading and transfer (Figure 19A). Based on
this time course experiment, ROS osteoblast-like cells were treated with TGF- 1 for 30
minutes with or without pre-treatment with the Src or ERk inhibitors. Blocking Src
activation with PP2 prevented the nuclear accumulation of phosphorylated Smad 2 and
Smad 3, confirming the inhibitory effects of PP2 on the phosphorylation of Smads
(Figure 19B). However, blocking Erk activation with PD98059 did not prevent the
nuclear accumulation of phosphorylated Smads, which was similar to TGF- 1 only
treatment (Figure 19B). Cells pre-treated with the diluent, DMSO, served as a negative
control and showed the same response as cells treated with TGF- 1, and none of the
experimental conditions had any effect on total Smad 2/3 levels (Figure 19B).
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Figure 19. Inhibition of Src, but not Erk, blockst  he nuclear translocation of

activated Smads. ROS osteoblast-like cells were cultured until 80% confluent and
serum starved for 24 hours prior to any treatment. (A) To determine the time course for
nuclear translocation of activated Smad2 and Smad3, cells were treated with TGF-b1 (5
ng/ml) for 0, 15, 30 or 60 minutes. Nuclear protein was separated from cytoplasmic
protein as described in Material and Methods and nuclear lysate (20 ng) was used for
Western blot analysis. Blots were probed with antibodies for phosphor-Ser465/467
Smad2 or phosphor-Ser423/425 Smad3, and then reprobed for total Smad2/3. Lamin
A/C was used as a control for nuclear proteins. Nuclear translocation of activated
Smad2 and Smad3 reaches maximal levels 30 post-treatment. Experiment was
repeated 4 times with similar results. (B) Serum-starved cells were pre-treated with PP2
(20 V1), PD98059 (PD; 20 nM) or DMSO (diluent for PP2 and PD98059) for 30 minutes
followed by TGF-b1 (5 ng/ml) stimulation for another 30 minutes. Nuclear protein was
separated from cytoplasmic protein and total nuclear protein (20 ng) lysate was used for
Western blot analysis. Blots were probed with antibodies for phosphor-Ser465/467
Smad?2 or phosphor-Ser423/425 Smad3, and then reprobed for total Smad2/3 and lamin
A/C. The inhibition of Src, but not Erk, blocks the nuclear translocation of activated
Smads. The experiment was repeated 3 times with similar results.
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Subsequent immunofluorescent experiments were conducted to visualize the
localization of activated Smad 2 and Smad 3 following TGF- 1 treatment and to
examine the effects of Src or Erk inhibition on phosphorylated Smad 2 and Smad 3
localization. Cells treated with TGF- 1 for 30 minutes (positive control) showed an
intense fluorescent signal for activated Smad 2 and Smad 3 in their nuclei compared to
negative controls in which the fluorescent signal for activated Smad 2 and Smad 3 was
undetectable or very weak (Figure 20A and B). Nuclei were also stained with DAPI
(blue) to correlate with the nuclear localization of activated Smad 2 and Smad 3 (green)
(Figure 20A and B). Cells pre-treated with the Src inhibitor, PP2, did not exhibit a
detectable fluorescent signal for activated Smad 2 and Smad 3 (similar to negative
control), while the Erk inhibitor had no effect on the nuclear localization of activated
Smad 2 and Smad 3 (similar to positive control) (Figure 20A and B). These results
demonstrate that Smad activation and nuclear translocation is directly affected by the
inhibition of Src but not Erk.

Thus far we demonstrated that Erk is required for TGF- 1 induced CTGF
expression, but that Erk inhibition does not regulate Smad phosphorylation or nuclear
translocation. Therefore, we conducted additional studies to investigate how Erk can
affect CTGF expression. Studies in other cell types have shown that MAPKSs, such as
Erk, can modulate the TGF- 1/Smad signaling pathway through activation/inactivation
of required nuclear co-activators/co-repressors that mediate Smad DNA binding
(Kretzschmar, et al., 1999). To determine how Erk signaling functions to potentiate

CTGF induction by TGF- 1, we examined if Erk was required for transcriptional
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Figure 20. Determination of nuclear accumulation of activated Smads by
immunofluorescent analysis. ROS osteoblast-like cells were plated and serum
starved for 24 hours. All cells except for the negative controls (a, €) were treated with 5
ng/ml TGF-b1 for 30 minutes; some were pre-treated for 30 minutes with 20 nM PP2 (c,
0), a Src kinase inhibitor, or with 20 v PD98059 (PD; d, h), an Erk inhibitor. Following
treatment, all cells were fixed, permeabilized and incubated with either anti-phospho Ser
465/467 Smad2 primary antibody (A panel) or anti-phospho Ser 423/425 Smad3
primary antibody (B panel) followed by the appropriate fluorescein-conjugated
secondary antibody and DAPI staining. Fields of cells with DAPI-stained nuclei (blue)
are shown in a-d, while the corresponding fluorescein-stained (p-Smad2 or p-Smad3,
green) cells are shown in e-h. Note that nuclear accumulation of activated Smad2 (A
panel) or Smad 3 (B panel) following TGF-b1 treatment (compare f with e) is blocked by
PP2 (g) but not by PD98059 (h). Experiment was repeated 3 times with similar results.
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complex formation on the CTGF promoter in osteoblasts after TGF- 1 treatment.
Previous studies have identified functional regulatory motifs in the CTGF proximal
promoter that are required to confer TGF- 1 responsiveness (Grotendorst, Okochi, &
Hayashi, 1996; Holmes, et al., 2001). We previously demonstrated that CTGF induction
by TGF- 1 in osteoblasts is dependent on two proximal promoter elements, the TGF- 1
response element (TRE) and the Smad binding element (SBE) (Arnott, et al., 2008).
For these studies, probes were generated that contained both the SBE and TRE (S-T),
the TRE alone (T) or the SBE alone (S) (Figure 21A). To determine if Erk signaling was
required to facilitate TGF- 1 induced complex formation/binding to the CTGF promoter,
we used the Erk inhibitor, PD98059, to block the Erk signaling pathway. Nuclear
lysates were prepared from osteoblasts treated with TGF- 1 that were either pretreated
with the inhibitor (PD98059) or mock-treated (DMSQO). We assessed the ability of Erk
inhibitor/TGF- 1 treated nuclear lysates versus TGF- 1 treated alone nuclear lysates to
bind to each of the probes (Figure 21B). We found that blocking Erk activation impaired
the ability of nuclear protein complexes to bind to the S-T, T and S probes (Figure 21B).
In addition, blocking Erk completely abolished the binding of specific complexes on all
three probes (Figure 21B), suggesting that Erk signaling is required to facilitate proper
CTGF promoter complex formation/binding resulting from TGF- 1 induction in
osteoblasts. Additional studies are required to determine the identity of the nuclear
proteins that form a complex with activated Smads on these regulatory elements of the
CTGF promoter, and to determine which of these nuclear proteins are regulated by Erk

signaling.
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Figure 21. Inhibition of Erk alters the binding of nuclear proteins to the CTGF
promoter. (A) Probes were created from the CTGF promoter that contained both the
Smad binding element (SBE) and the TGF-b responsive element (TRE) (S-T probe), the
TRE alone (T probe) or the SBE alone (S probe). These probes were subsequently
utilized to determine the ability of TGF-b1 induced nuclear protein to bind to the
promoter element. (B) Electro-mobility shift assays (EMSA) were performed using
nuclear lysates generated from osteoblasts pre-treated for 30 minutes with the Erk
inhibitor PD98059 (+) or diluent (DMSO, -), then treated with TGF-b1 (5 ng/ml) for 24
hours. The binding of nuclear proteins to the SBE and/or the TRE in the CTGF
promoter was assessed using 5 ng of indicated nuclear lysates. In the presence of the
Erk inhibitor the proteins that bind to each of the probes are significantly reduced in
guantity or eliminated (see arrows for examples). Experiment was repeated 3 times
with similar results.
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CHAPTER 5
DISCUSSION

Connective tissue growth factor (CTGF/CCN2) is a cysteine rich, extracellular
matrix protein that acts as an anabolic growth factor to regulate osteoblast
differentiation and function (Safadi, et al., 2003; J. Xu, et al., 2000). We have previously
shown that in primary osteoblasts, CTGF was induced by TGF- 1 where it acted as a
downstream mediator of TGF- 1 induced matrix production (Arnott, Nuglozeh et al.
2007). We recently tested the requirements of Smads and MAPKSs signaling for TGF- 1
induced CTGF promoter activity in osteoblasts, and demonstrated that Smads and Erk
(not p38 or Jnk) were required for CTGF induction by TGF- 1 (Arnott, et al., 2008).
Interestingly in the same study, we also demonstrated that the non-receptor tyrosine
kinase, Src, was also an essential signal molecule for TGF- 1 induced CTGF induction.
Although these findings suggest that Erk and Src play an important role in TGF- 1
induced CTGF promoter activity and expression in osteoblasts, it is not known the
detailed molecular mechanisms of CTGF induction by TGF-b1. The following questions
were explored in this dissertation: Do Src, Erk and Smads function together or
independent of each other? Do Src and Erk function to modulate Smad signaling or
function in a Smad independent manner? We found that both Src and Erk are required
for TGF-b1 induced CTGF expression in primary osteoblasts and in rat osteosarcoma
osteoblast-like cells (ROS 17/2.8, denoted as ROS). Taken together, Src plays an

essential role upstream of Erk and Smad2/3 activation while Erk positively regulates the
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binding of nuclear proteins to CTGF promoter. Those nuclear proteins together with

Smads are necessary for TGF-b1 induced CTGF transcription.

Src Kinase is Required for CTGF Induction by TGF- 1

We characterized the role that Src family kinase plays in TGF- 1 induction of
CTGF in osteoblasts. Our data showed a time dependent activation of Src family
kinase following TGF- 1 treatment in rat osteosarcoma osteoblast-like cells
(ROS17/2.8) (Figure 10). The observation that TGF- 1 induces Src family kinase
activation is consistent with other published reports that have also implicated the non-
receptor tyrosine kinase, Src family, as a downstream signaling effector of TGF- 1 in
certain cell types (Galliher & Schiemann, 2006; H. P. Kim, et al., 2005; Mishra, et al.,
2007; Tanaka, et al., 2004; Varon, et al., 2006), although there is no published report on
TGF-b1 induced Src activation in osteoblasts. Our results showed that when
osteoblasts are pre-treated with the Src family kinase inhibitor, PP2, Src activation
induced by TGF-b1 is inhibited (Figure 10). Importantly, TGF-b1 induced CTGF
expression is abolished by PP2 in a dose-dependent manner using both primary
osteoblasts and ROS osteoblast-like cells (Figure 11). These data demonstrate that Src
family kinase is an essential signaling component of TGF- 1 induced CTGF expression
in osteoblasts. This finding is consistent with studies in fibroblasts where Src family
kinase inhibitor, PP2, blocked CTGF induction, demonstrating that Src family kinase
activity is necessary for CTGF expression (Graness, Cicha, & Goppelt-Struebe, 2006).

We took the approach to inhibit the Src family kinase using the Src family kinase

inhibitor, PP2, which blocks all Src family kinases (Zhu, et al., 1999). Although most of
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studies related to Src family kinases in osteoblasts are focused on Src, using Western
blot analysis, our data showed that other Src family members are also present in
osteoblasts, such as Fyn, Yes or Hck in addition to Src (Figure 12). In our previous
study we showed that dominant-negative kinase-dead Src constructs, either KD
(Muation of Lys 295 to Met) or KDYF (Muation of Lys 295 to Met and Tyr 527 to Phe)
blocked TGF- 1 induced CTGF promoter activity in primary osteoblasts (Arnott, et al.),
indicating that Src is specific for TGF-b1-induced CTGF promoter activity. Therefore,
we further examined whether the PP2 blocking effects on CTGF induction described
above is Src specific. In primary osteoblasts, the dominant negative-kinase dead Src
construct (KD or KDYF) blocks CTGF induction by TGF-b1 although the KDYF has mild
effects on blocking CTGF induction due to low transfection efficiency (Figure 13).
However, we could not use these constructs in ROS osteoblast-like cells since these
constructs are very hard to be transfected in ROS osteoblast-like cells (data not shown).
Instead we used a Src siRNA to knockdown Src expression in ROS osteoblast-like
cells. This approach specifically blocks Src expression by ~90% without affecting the
expression of other Src family kinase members, such as Fyn and Yes, which is
demonstrated by our Western blot (Figure 13). Interestingly, TGF-b1 induction of CTGF
expression is abolished by ~75% with Src siRNA transfection (Figure 13). Since the Src
siRNA could not knockdown Src by 100%, the remaining CTGF level following Src
siRNA transfection could be due to the remaining Src activity. These results
demonstrated that only Src, but not other Src family members, is responsible for
regulating TGF-b1 induced CTGF expression in both rat primary osteoblasts and ROS

osteoblast-like cells.
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The crucial roles of Src on skeleton were demonstrated by the generation of Src
knockout mouse model. Src knockout mice exhibited osteopetrosis due to the impared
osteoclast function (Soriano, Montgomery, Geske, & Bradley, 1991) (Boyce, Yoneda,
Lowe, Soriano, & Mundy, 1992) (Boyce, Chen, Soriano, & Mundy, 1993). Additional
analysis of osteoblasts demonstrated that deletion of Src expression enhanced
osteoblast differentiation and bone formation. Absence of Src induced up-regulation of
bone matrix, such as osteocalcin and pro-alpha 2(1) collagen, while it had no effect on
osteopontin (Marzia, et al., 2000). On the contrary, using osteoblasts cell culture, Tang
et al. reported that Src was activated by fibroblast growth factor while the dominant
negative mutant of Src as well as Src family kinase inhibitor, PP2, blocked the
transcription and protein expression of the extracellular matrix protein, fibronectin (Tang,
Yang, Chen, & Fu, 2007), demonstrating that Src is a positive regulator of extracellular
matrix production. This in vitro study is consistent with our findings, showing that Src
positively regulate extracellular matrix production by osteoblasts. However, the
discrepancy between in vivo and in vitro results is not well understood. One possibility
is that in in vivo model, when Src expression is knocked out, other family members
could be up-regulated to compensate for Src function. For example, Hck was up-
regulated in Src” osteoclasts and Src and Hek double knockout mice showed much
more severe osteopetrosis than Src single knockout mice (Lowell, Niwa, Soriano, &
Varmus, 1996).

Although we demonstrate that Fyn, Yes or Hck in addition to Src are expressed
in osteoblasts, there is no recorded bone phenotype in their knockout models. At
present, Kaabeche et al showed that the up-regulation of alkaline phosphatase
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expression by fibroblast growth factor receptor activation was mediated by proteasome
degradation of Fyn in human calvarial osteoblasts, demonstrating that Fyn is the
negative mediator of alkaline phosphatase expression in osteoblasts (Kaabeche,
Lemonnier, Le Mee, Caverzasio, & Marie, 2004). Therefore, additional studies are
warranted to examine the effects of other Src family kinase members, such as Fyn, Yes,
or Hck on skeletal system.

A number of studies explored how Src gets activated by TGF-b1, but the
mechanisms of Src activation are highly dependent on experimental conditions. For
instance, Src activation following TGF- 1 treatment can occur as a direct result of TGF-

receptor activation (Sato, et al., 2005) (Tanaka, et al., 2004). Studies have shown
that the tyrosine residues 259, 336, and 424 of TGF- type Il receptor can be
autophosphorylated (Lawler, et al., 1997) in response to TGF-b. In addition, TGF- type
| receptor can be phosphorylated at the tyrosine residues and it has tyrosine kinase
activity, although it is not clear whether the tyrosine phosphorylation of TGF-b type |
receptor is autophosphorylated or phosphorylated by TGF-b type Il receptor (M. K. Lee,
et al., 2007). Whether the tyrosine phosphorylated receptor can recruit and,
subsequently, phosphorylate Src needs additional studies. In addition, the direct
physical association of Src with type Il receptor of BMP, another member of TGF-b
family, has been reported. Although binding BMP-2/4/7 to BMP receptor decreased Src
phosphorylation in pulmonary smooth muscle cells (Wong, Knowles, & Morse, 2005),
this study provides another possibility that TGF-b receptor might interact with Src

directly.
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Some studies have shown that activation of Src by TGF- 1 was due to enhanced
integrin-mediated cell attachment induced by TGF- 1 (Pechkovsky, et al., 2008) (J. T.
Kim & Joo, 2002) (H. P. Kim, et al., 2005).

Recent studies have shown that receptor tyrosine kinase, epidermal growth
factor receptor (Q. Zhang, et al.) (Q. Zhang, et al.) could be activated by TGF- 1 in
ligand-dependent or -independent mechanisms (Borrell-Pages, Rojo, Albanell, Baselga,
& Arribas, 2003; Joo, et al., 2008). The activated EGFR can further phosphorylate Src
(Y. H. Lee, et al., 2007) (Murillo, et al., 2005) (Caja, et al., 2007) (S. E. Wang, et al.,
2009). Collectively, it is clearly suggested that Src activation by TGF- 1 is cell type
dependent. While our results demonstrating time dependent activation are suggestive
of direct activation of Src by the TGF- 1 receptor, other proteins could also possibly
mediate this response. Further studies are warranted to delineate the signaling
pathways involved in activation of Src by TGF-b receptor.

Although it has been reported that TGF- 1 induced the degradation of activated
Src and this degradation is associated with decreased levels of total Src in fibroblasts
(Fukuda, et al., 1998), in our study, we didn’t observe any change in total Src level

under all conditions examined, thus the possibility of Src degradation can be ruled out.

Erk is Required for CTGF Induction by TGF- bl
MAPKSs family is composed of Erk1/2, p38 and Jnk. The involvement of MAPKs
in TGF- 1 induced CTGF expression has been reported in numerous cells (Y. Chen, et
al., 2002) (Tanaka, et al., 2004) (S. Xie, et al., 2005) (Leivonen, et al., 2005). However,

there are differences in the requirement of specific MAPKs members for TGF- 1
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induction of CTGF expression and this variability could be due to the difference in cell
types being used.

In osteoblasts, the TGF- 1 induced Erk activation has been reported (Lai &
Cheng, 2002; Selvamurugan, et al., 2004; Sowa, Kaji, Yamaguchi, Sugimoto, &
Chihara, 2002). Recently using primary osteoblasts, we have shown that only Erk, but
not p38 or Jnk, was required for TGF- linduced CTGF promoter activity although Erk,
p38 and Jnk could be activated by TGF- 1 (Arnott, et al., 2008). Here we demonstrated
that Erk was activated by TGF- 1 in a time-dependent fashion in ROS osteoblast-like
cells (Figure 14). Using the two pharmacological inhibitors, PD98059 and U0126, that
block Erk activation, we found that blocking of Erk prevents TGF- 1 induced CTGF
expression (Figure 15). Our study is consistent with other studies demonstrating the
Erk requirement for CTGF induction by TGF- 1 (Leask, et al., 2003; Leivonen, et al.,
2005; S. Xie, et al., 2005).

Studies have shown that the tyrosine residues in TGF-b type | and type I
receptors could be phosphorylated. The phosphorylation of tyrosine residues recruited
adaptor proteins, such as Grb2 and ShcA, and subsequently activated MAPKs (M. K.
Lee, et al., 2007) (Galliher-Beckley & Schiemann, 2008; Galliher & Schiemann, 2007).
Whether Erk is activated following this pathway in ROS osteoblast-like cells needs

additional studies.

Cross-talk of Src, Erk and Smads

Src and Erk
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Studies have shown that Src can function as an upstream signaling partner of
Erk in human mesangial cells and in ovarian cancer cells (Mishra, et al., 2007) (Tanaka,
et al., 2004). A more recent study demonstrated that Src functions upstream of Erk in
osteoblastic cell lines (Katz, Boland, & Santillan, 2006). In this study, we demonstrated
that activation of Src is required for TGF- 1 induced Erk activation (Figure 16),
indicating that Src functions upstream of Erk with regard to TGF- 1 induction of CTGF
expression in osteoblasts. It is also important to note that inhibition of Erk activation
using the MEK inhibitor, PD98059, had no effect on Src activation following TGF-b1
treatment in osteoblasts, supporting that Src acts upsteam of Erk activation induced by
TGF-b1.

Smads

TGF- 1 depends on Smd2/3/4 to transduce cell surface signal to nuclei (Shi &
Massague, 2003). Here we showed, using the ROS osteoblast-like cells, TGF- 1
activates Smad2 and Smad3 at the conserved TGF- receptor phosphorylation motif,
SSXS, in a time dependent fashion (Figure 17) and the nuclear accumulation of
activated Smad2 and Smad3 occurs also in a time-dependent fashion (Figure 19). In
primary osteoblasts, we have previously shown that Smad2/3 was phosphorylated at
the SSXS motif following TGF- 1 stimulation and knockdown of Smad3 and Smad4, but
not Smad2, abolished TGF- 1 induced CTGF promoter activity and CTGF protein
expression (Arnott, et al.), demonstrating the requirement of Smads for CTGF induction
by TGF- 1.

In addition to the conserved MH1 and MH2 domains at the N- and C- terminus of

Smads, the non-conserved linker region is flexible and easy to access. In the linker
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region of Smad3, four phosphorylation sites, threonine 179, serine 204, serine 208, and
serine 213 have been identified which can be phosphorylated by MAPKSs, while certain
residues are preferably phosphorylated, which is highly dependent on the stimulus and
cell type being used (Kretzschmar, et al., 1999) (Matsuura, et al., 2005). For example,
in human HaCaT keratinocytes, Erk induced phosphorylation of serine 204 and serine
208 while in mink lung epithelial cells serine 208 was the best Erk phosphorylation sites
(Matsuura, et al., 2004; Matsuura, et al., 2005). In our study, we found that the serine
213 residue at the linker region of Smad3 is phosphorylated by TGF- 1 in a time-
dependent manner (Figure 18) in addition to the SSXS motif. In contrast, it has been
reported that the three other phosphorylation sites in the linker region, threonine 179,
serine 204 and serine 208, but not serine 213 could be phosphorylated by TGF- 1 in
Mv1Lu mink lung epithelial cells, in HaCaT human keratinocytes, and in mouse C2C12
myoblasts (G. Wang, et al., 2009) (Millet, et al., 2009). We didn’t examine these 3 sites,
so at this time we don’t know whether these residues could be phosphorylated by TGF-
1 stimulation in osteoblasts.

The phosphorylation of the linker region is not limited to Smad3, it has also been
reported that other R-Smads, such as Smadl and Smad2, can also been
phosphorylated at the linker region (Li, et al., 2009) (Bengtsson, et al., 2009)
(Fuentealba, et al., 2007). Thus, the phosphorylation of the linker region has emerged

as an important modification of Smads signaling.

Src and Smad

84



Recently the non-Smads signaling pathways have emerged as important
regulators of canonical Smads signaling pathways. These pathways can either regulate
the Smads phosphorylation or nuclear translocation of activated Smads directly or
regulate the binding of nuclear proteins to the promoter region of responsive genes.

Our results demonstrated that inhibition of Src activation completely blocked TGF-b1
induced phosphorylation of SSXS motif of Smad2 and Smad3 and subsequently nuclear
translocation of phosphorylated Smad2 and Smad3 (Figure 17 and 19). In addition, we
found that the Src family inhibitor, PP2, prevents the phosphorylation of ser213 in the
linker region of Smad3 (Figure 18). Since PP2 could also block the phosphorylation at
the conserved receptor phosphorylation SSXS motif, which was required for the linker
region phosphorylation (G. Wang, et al., 2009), we could not differentiate wether the
inhibition at the linker region is a direct effect of PP2 or is a secondary effect of inhibition
of SSXS motif phosphorylation.

Such a role for Src in regulating Smad activation at both SSXS motif and linker
region downstream of TGF- 1 has not been identified previously in any cell type. One
study has demonstrated that Src forms a complex with Smad 1/5 to facilitate Smad
nuclear translocation (Gautschi, Tepper et al. 2008). In contrast, another study, using
human ovarian cancer cell line SKOV-3, has shown that the Src family inhibitor, PP2, or
antisense oligonucleotides to Src can up-regulate TGF- 1 induced Smad2
phosphorylation and Smad3 nuclear translocation (Wakahara, et al., 2004),
demonstrating that Src is a negative regulator of Smads. However, in the same study,

Wakahara et al. showed that Src had no effect on Smads signaling in another human
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ovarian cancer cell line HRA (Wakahara, et al., 2004). The cell-type dependent effect of
Src explains the discrepancy between our findings and others.

As for how Src activates Smad?2/3 needs further studies. It is possible that Src
could phosphorylate Smad 2/3 by direct physical association. One study has shown that
the SH2 domain of Lck, another Src family member, could directly interact with Smad2/3
(Richard, Bertolesi, Dunfield, McMaster, & Nachtigal, 2006). In addition, the direction
association of Src with Smad1/5 has been reported (Gautschi, Tepper et al. 2008).
Although limited data suggests the direct interaction of Src with Smads, we can not rule

out the possibility of indirect interaction between them.

Erk and Smad

Numerous studies have shown that Erk could modify Smads signaling, including
phosphorylation of Smad2/3 and nuclear translocation of activated Smads. However,
which signaling event is affected by Erk and what is the net effect vary and depends on
the cell type used. For instance, Hayashida et al. has shown that TGF- 1 activated Erk
could enhance Smad2/3 phosphorylation in human glomerular mesangial cells but not
in mouse mammary epithelial NMuMG cell line (Hayashida, et al., 2003) while in rat
osteoblastic cell line, UMR106-01, TGF- 1 activated Erk has no effect on Smads
phosphorylation or nuclear translocation of activated Smads (Selvamurugan, et al.,
2004). In our study, using the ROS osteoblast-like cell line, blocking of Erk activation by
either PD98059 or U0126 could not prevent the phosphorylation of SSXS maotif at C-
terminus, which is the conserved phosphorylation site by the TGF- 1 receptor. In our
studies, we didn’t examine whether TGF- 1 induced Erk activation is a downstream
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event of Smads activation or not, but it has been shown that in mouse osteoblastic cells,
MC3T3-E1, Smads had no effect on TGF- 1 induced Erk activation (Sowa, et al., 2002).

Interestingly, we have shown that the MEK1/2 inhibitors, PD98059 or U0126, had
no inhibitory effect on TGF- 1 induced ser 213 phosphorylation (Figure 18). Since we
only examined ser213 phosphorylation rather than all four phosphorylation sites in the
linker region, we can not rule out the possibility that PD98059 or U0126 has any effect
on the other three phosphorylation sites in the linker region, including thr 179, ser 204,
and ser 208, which can be phosphorylated by TGF-b1 using mink lung epithelial cells,
human keratinocytes and mouse myoblasts (G. Wang, et al., 2009) (Millet, et al., 2009).
It is also possible that the time-dependent phosphorylation of ser 213 is mediated by
TGF- 1 induced the activation of other kinases, such as cyclin-dependent kinase (CDK)
and glycogen synthase kinase 3 (GSK-3), which have been shown to phosphorylate the
linker region of Smad3 (Matsuura, et al., 2004). Therefore, further detailed studies are
warranted to address the effect of phosphorylation of the linker region in TGF- 1
signaling in osteoblasts.

Consistently, we also showed that the MEK1/2 inhibitor, PD98059, has no effect
on the nuclear accumulation of phosphorylated Smad2 and Smad3, illustrated by both
western blot analysis of nuclear lysates and immunofluorescent staining (Figure 19 and
20). Our observation, thus, is consistent with one study conducted in rat osteoblastic
cell line, UMR106-01, where TGF- 1 activated Erk has no effect on Smad
phosphorylation and nuclear translocation of activated Smads (Selvamurugan, et al.,
2004). Similarly, in MC3T3-E1 osteoblast-like cells, BMP activated Erk couldn’t affect

Smad1 phosphorylation but affect Smadl transactivity (Nakayama, et al., 2003).
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In addition to its direct effect on Smads, Erk can also modulate the TGF- 1/Smad
pathway indirectly through activation/inactivation of required transcription factors/co-
factors that mediate Smad DNA binding (Kretzschmar, et al., 1999). Considering the
requirement of Erk for CTGF induction and its negative effects on Smads
phosphorylation and nuclear translocation, we performed electro-mobility shift assay
(Gluck, et al.) to investigate whether Erk could affect the binding ability of required
nuclear proteins to CTGF promoter. In these assays, we demonstrated that inhibition of
Erk activation causes a dramatic reduction in the binding of trans-acting protein
complexes to the TRE and/or SBE in the CTGF promoter (Figure 21). Previous studies
have shown that activated Erk can translocate to the nucleus where it activates
(phosphorylates) downstream transcription factors (Chang, et al., 2003) that can form a
transcriptionally active complex with Smad transcriptional co- activators such as p300
and CBP (Foulds, Nelson, Blaszczak, & Graves, 2004, Pei, et al., 2003). Together with
our studies, we hypothesize that Erk mediates Smad signaling through activation of
nuclear transcription factors that enhance Smad DNA binding and are necessary for
transcriptional activation of the CTGF promoter. However, the identity of these nuclear
transcription factors (proteins) through which Erk functions to regulate Smad binding

remain unknown and are the focus of current investigation.

Conclusion and Significance
In this study, we examined the interaction between Src and Erk for CTGF
induction by TGF- 1 in osteoblasts and whether they regulate Smad signaling, the
canonical TGF- 1 signaling pathway. Our data demonstrated that CTGF is induced by
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TGF-bl in rat osteosarcoma cells (ROS17/2.8). The MAPK, Erk, and the non-receptor
tyrosine kinase, Src, are activated by TGF-b1 and both are required for CTGF up-
regulation by TGF-b1l. Upon TGF- 1 stimulation, Src functions to regulate both Erk and
Smad signaling pathways. Src and Erk function independent of one another to regulate
the canonical Smad signaling pathway. Our results suggest that Src and Erk synergize
at the promoter level and that both pathways stimulate transcription factor binding for
combinatorial CTGF promoter transactivation (Figure 22). Future studies will focus on
the mechanisms of Src activation by TGF-b1 and the interaction between the Src and
Smad signaling pathways. Additional studies are warranted to determine the identity of
transcription factors that function downstream of Erk to enhance Smad-mediated
induction of CTGF expression. It would also be interesting to examine the role of Src in

this process by ustilizing Src knockout osteoblasts.

CTGF has recently emerged as an important factor in osteogenesis due to its
anabolic effects on osteoblasts. Studies such as these are designed to enhance our
understanding of key signaling molecules involved in CTGF induction by TGF-b1 in
osteoblasts. Results from these types of experiments could be useful in developing
novel therapeutic targets for the treatment of patients with osteopenia, specifically for

the selective enhancement of bone formation.
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Figure 22. TGF- 1 and Src/Smad/Erk signaling in osteoblasts. TGF- 1 induction of
CTGF in osteoblasts requires Src, Smad and Erk signaling. Based on our findings we
propose that Src may play a central role in TGF- 1 signaling in osteoblasts by
regulating the activation of both Erk and Smad 2 and 3.
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