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Abstract
Connective tissue growth factor (CTGF/CCN2) is induced by transforming growth factor beta
1(TGF-β1) where it acts as a downstream mediator of TGF-β1 induced matrix production in
osteoblasts. We have shown the requirement of Src, Erk and Smad signaling for CTGF induction
by TGF-β1 in osteoblasts, however the potential interaction among these signaling pathways
remains undetermined. In this study we demonstrate that TGF-β1 activates Src kinase in
ROS17/2.8 cells and that treatment with the Src family kinase inhibitor PP2 prevents Src
activation and CTGF induction by TGF-β1. Additionally, inhibiting Src activation prevented Erk
activation, Smad 2 & 3 activation and nuclear translocation by TGF-β1, demonstrating that Src is
an essential upstream signaling partner of both Erk and Smads in osteoblasts. MAPKs such as Erk
can modulate the Smad pathway through directly mediating the phosphorylation of Smads or
indirectly through activation/inactivation of required nuclear co-activators that mediate Smad
DNA binding. When we treated cells with the Erk inhibitor, PD98059 it inhibited TGF-β1-induced
CTGF protein expression but had no effect on Src activation, Smad activation or Smad nuclear
translocation. However PD98059 impaired transcriptional complex formation on the Smad
binding element (SBE) on the CTGF promoter, demonstrating that Erk activation was required for
SBE transactivation. This data demonstrates that Src is an essential upstream signaling transducer
of Erk and Smad signaling with respect to TGF-β1 in osteoblasts and that Smads and Erk function
independently but are both essential for forming a transcriptionally active complex on the CTGF
promoter in osteoblasts.
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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 locally-produced 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
(Safadi et al., 2003; Xu et al., 2000). In cultured osteoblasts, CTGF induces pro-osteogenic
cellular activity including osteoblast proliferation, matrix production and terminal
differentiation (mineralization) (Arnott et al., 2007; Nishida et al., 2000; Safadi et al., 2003;
Takigawa et al., 2003; Xu et al., 2000). Transforming growth factor-β1 (TGF-β1) is a potent,
multifunctional, osteogenic growth factor that also regulates osteoblast differentiation and
function (Bonewald, 2002). One of TGF-β1 major effects on osteoblasts is its ability to
stimulate the production and secretion of ECM (Bonewald and Dallas, 1994; Centrella and
Canalis, 1987; Hock et al., 1990; Wrana et al., 1988) however the mechanisms or
downstream effector genes that facilitate this response are not understood. We recently
demonstrated that in osteoblasts CTGF is stimulated by TGF-β1 and that CTGF is a
downstream effector for TGF-β1 induced ECM synthesis (Arnott et al., 2007; Nakanishi et
al., 1997; Parisi et al., 2005). The signaling pathways that mediate TGF-β1 induction of
CTGF vary depending on the cell type being examined (Blom et al., 2002), and we recently
demonstrated that in osteoblasts CTGF up-regulation by TGF-β1 required Smads, the
mitogen-activated protein kinase (MAPK) Erk and Src signaling (Arnott et al., 2008).

In general, TGF-β1 signals through a generic Smad mediated pathway involving Smads 2, 3
and 4 (Shi and Massague, 2003). Smads 2 and 3 are phosphorylated by active
transmembrane serine/threonine TGF-β1 receptors (Massague and Chen, 2000). Following
activation, Smad 2 and 3 form a trimeric complex with Smad 4, and this complex
subsequently translocates to the nucleus, where it binds to Smad binding elements (SBE) in
promoters of TGF-β1-responsive genes (Derynck and Zhang, 2003; Shi and 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 and 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 crosstalk
between Smads and other signaling pathways. TGF-β receptors activate Smad-independent
signaling pathways that can regulate Smad activation and function (Derynck and Zhang,
2003). MAPKs (Erk1/2, p38 and Jnk) represent one group of downstream signaling
transducers of TGF-β1 that can regulate Smad activation and function (Derynck and Zhang,
2003). MAPKs have been shown to directly regulate TGF-β1 induction of CTGF expression
in some cell types (Abdollah et al., 1997; Chen et al., 2002; Leask and Abraham, 2003;
Leask et al., 2003; Leivonen et al., 2005; Utsugi et al., 2003; Xie et al., 2005). We have
recently demonstrated that Erk and not p38 or Jnk, are required for CTGF induction by
TGF-β1 in osteoblasts (Arnott et al., 2008). Erk can potentiate the TGF-β1/Smad pathway
via direct phosphorylation of Smads, or indirectly through activation/inactivation of co-
activators/co-repressors that mediate Smad DNA binding (Kretzschmar et al., 1999; Mori et
al., 2004). However, the potential interaction between Erk and Smads for CTGF induction in
osteoblast remains unexplored and is the focus of this study.
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We have also previously demonstrated that Src signaling is required for CTGF induction by
TGF-β1 in osteoblasts, and that Src is activated upon TGF-β1 treatment (Arnott et al., 2008).
Src activation following TGF-β1 treatment can occur as a direct result of TGF-β receptor
activation (Sato et al., 2005; Tanaka et al., 2004). Studies have shown that Src can act as a
downstream signaling effector for TGF-β1 and can function upstream of Erk in some cell
types (Galliher and Schiemann, 2006; Kim et al., 2004; Kim and Joo, 2002; Sato et al.,
2005; Tanaka et al., 2004; Varon et al., 2006). Although our previous studies have
demonstrated that Smad, Erk and Src play important roles in TGF-β1 induction of CTGF
expression in osteoblasts, their potential interactions with one another have not been
investigated. It is not known whether Erk and Src family kinases cooperate with one
another, function independent of each other, or how they regulate Smad signaling.
Therefore, the focus of this study is to investigate these potential interactions between Src
family kinases, Erk and Smad signaling in osteoblast.

MATERIALS AND METHODS
Source of Animals

Rat primary osteoblasts were isolated from calvaria of 3~5 day-old Sprague-Dawley (SD)
rats. 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 and
The Commonwealth Medical College.

Reagents
Transforming Growth Factor-β1 (rhTGF-β1) was purchased from Calbiochem (Gibbstown,
NJ) and reconstituted as 2μg/ml in 4mM HCl 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
MEK1/2 inhibitor (PD98059) and the anti-b-actin antibody were purchased from Sigma (St.
Louis, MO). The anti-phospho-Tyrosine 416 Src family, anti-phospho-Smad2 (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 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 IgG 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
Rat osteosarcoma osteoblast cells (ROS 17/2.8) were provided by Dr. Archana Sanjay
(Temple University, PA). Cells were cultured in α-MEM (Mediatech, Manassas, VA)
supplemented with 10% heat-inactivated fetal bovine serum (Biowest, France), 100 IU/ml
penicillin, and 100μg/ml streptomycin (Gibco, Carlsbad, CA) and maintained in 37°C with
5% CO2 incubator. When they are ~80% confluent, cells were trypsinized and re-plated at
1:10 ratio.
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TGF-β1 Treatment
Cells were cultured in 10% serum-supplemented media until they were 80% confluent and
serum starved for an additional 24 hours. TGF-β1 at the final concentration of 5ng/ml was
applied to serum-free cells and incubated for 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. Pharmacological inhibitor of Src (PP2) or Erk
(PD98059 or U0126) or inactive analog of PP2 (PP3) or equal volume of diluent (DMSO)
was added to cells at indicated dose for 30 minutes followed by 5ng/ml TGF-β1 treatment
for indicated time period.

Dominant-negative Src Constructs Transfection
Primary osteoblasts were cultured in 6-well plate with EMEM supplemented with 10% fetal
bovine serum but without antibiotics one day before transfection. Next day the cells were
90%~95% confluent and 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 or KDYF) or empty vector (PKB), which are provided by Dr.
Archana Sanjay (Temple University, PA). Briefly, 4μg plasmid DNA was dissolved in
250μl OPT-MEM (Invitrogen, Carlsbad, CA) and incubated at room temperature for 5
minutes. 10μl Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was diluted in 250μl OPT-
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-β1 for 8 hours and collected in RIPA buffer.

Src siRNA Transfection
ROS17/2.8 cells were cultured in 6-well plate with α-MEM supplemented with 10% fetal
bovine serum but without antibiotics one day before transfection. 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 from the open 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 60nM siRNA was dissolved in 250μl OPT-MEM
(Invitrogen, Carlsbad, CA) for 5 minutes at room temperature. 5μl Lipofectamine
RNAiMAX was diluted in 250μl OPT-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 × 106 cells/100mm culture dish were washed twice in PBS and harvested from culture
dishes in protein extraction buffer (RIPA buffer) consisting of 50mM Tris-HCl (pH 7.5),
135 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 2mM EDTA, 50mM NaF,
2mM sodium orthovanadate, 10μg/ml aprotinin, 10μg/ml leupeptin and 1mM PMSF. Cell
lysates were agitated for 24 hours in 4°C and centrifuged at 14,000×g for 10min at 4°C. The
supernatant was stored in -80°C 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. Twenty or fifty μg proteins from each
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sample were mixed with equal volume of 2×Laemmli loading buffer and boiled at 100°C for
3 minutes. Samples were subjected to electrophoresis on 10% Tris-Glycine ready gels (Bio-
Rad, Hercules, CA) and transferred to PVDF filters or nitrocellular members (Bio-Rad,
Hercules, CA) by electroblotting. After 1 hour 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 Smad2/3 (1:1000), total Src (1:1000), Avian Src (1:1000), Lamin A/C
(1:500), b-actin (1:5000), 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 et al., 1983). Cells (3 × 106) were harvested after treatment and washed in PBS.
After centrifugation, the cell pellet was resuspended in 50μl sucrose buffer containing 0.32
M Sucrose, 10mM Tris HCl (pH 8.0), 3mM CaCl2, 2mM MgOAc, 0.1mM EDTA, 0.5%
NP-40, 1mM DTT and 0.5mM PMSF. The lysates were centrifuged at 500×g for 5 minutes
at 4°C. The nuclear pellet was washed in sucrose buffer without NP-40. After centrifugation,
the nuclear pellets were resuspended in 15μl low salt buffer containing 20mM HEPES (pH
7.9), 1.5mM MgCl2, 20mM KCl, 0.2mM EDTA, 25% glycerol, 1% NP-40, 0.5mM DTT,
0.5mM PMSF and in an equal volume (15μl) of high salt buffer containing 20mM HEPES
(pH 7.9), 1.5mM MgCl2, 800mM KCl, 0.2mM EDTA, 25% glycerol, 1% NP-40, 0.5mM
DTT, 0.5mM PMSF, and 4μg/ml aprotinin. Lysates were incubated at 4°C for 30min with
agitation followed by centrifuge at 14,000×g for 10min at 4°C. The supernatants containing
the nuclear protein lysate were then used for Western blot analysis and protein
concentrations were determined using the Bradford protein assay.

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 20μM PP2 (Src kinase inhibitor), 20μM
PD98059 (Erk inhibitor), or equal volume of DMSO (diluent control) for 30 minutes prior to
TGF-β1 treatment (5ng/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 4°C. After
three 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 E800 epifluorescent microscope. All images were
captured using a Retiga EXi digital camera.

Electro-Mobility Shift Assay
Nuclear extracts from TGF-β1 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
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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 [γ-32P]
ATP (Amersham, Louisville, CO) and T4 polynucleotide kinase (NEB, Ipswich, MA). The
binding reaction is composed of 5 μg of nuclear extract, 1× binding buffer [5× binding
buffer: 50 mM Tris–HCL (pH8.0), 750 mM KCL, 2.5 mM EDTA, 0.5% Triton X-100,
62.5% glycerol and 1 mM DTT], poly-dldc (1 μg/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.

Results
Src is required for CTGF Induction by TGF-β1 in Osteoblasts

Recently, we found that in primary osteoblasts CTGF could be induced by TGF-β1 in a
time- and dose-dependent fashion (Arnott et al., 2007). In this study we first examined
whether CTGF could be induced by TGF-β1 in rat osteosarcoma osteoblast-like cells
(ROS17/2.8). ROS osteoblast-like cells are a transformed osteoblast cell line that are widely
used for studies of osteoblast differentiation and function and are considered as more
differentiated osteoblasts relative to primary osteoblasts (Granet et al., 2002; Kartsogiannis
and Ng, 2004; Majeska and Rodan, 1982; Noda, 1989; Rodan and Majeska, 1982; Takai et
al., 2008; Zirngibl et al., 2008). The TGF-β1 dose of 5ng/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-β1 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 stimulation with TGF-b1 (Figure 1A). After 24 hours treatment, CTGF up-
regulation abated (Figure 1A). 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.

Studies have shown that Src family kinase can act as a downstream signaling effector for
TGF-β1 in different cells types (Kutz et al., 2006; Samarakoon et al., 2009; Samarakoon and
Higgins, 2008) (Wang et al., 2009b) (Galliher and Schiemann, 2006; Galliher and
Schiemann, 2007; Galliher-Beckley and Schiemann, 2008) (Mishra et al., 2007) (Murillo et
al., 2005). To determine whether Src kinase could be activated by TGF-β1 in 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-β1 stimulation with maximal activation
occurring at 20 minutes post-treatment (Figure 1B). After 60 minutes the phosphorylation
level was comparable to the basal pre-treatment level (Figure 1B). Total Src levels remained
constant at all time points. 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 by PP2, PP3 or
DMSO (the diluent for PP2 and PP3), we found that PP2 could effectively block TGF-β1
induced Src kinase activation, while PP3 and DMSO did not have an inhibitory effect on Src
activation (Figure 1C). 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-β1. Next we determined whether TGF-β1 induced activation of Src kinase
activation was important for TGF-β1 induced CTGF expression. ROS osteoblast-like cells
were pre-treated with the indicated doses of PP2 for 30 minutes, followed by 8 hours
treatment with TGF-β1. Western blot analysis demonstrated a dose-dependent inhibition of
TGF-β1 stimulated CTGF expression by PP2 with maximal effect at the 20μM dose, while
PP3 and DMSO had no inhibitory effect on CTGF up-regulation (Figure 1D). Since 20μM
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PP2 was the optimal dose for inhibiting CTGF expression, 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 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 confirm that the effect of PP2 on CTGF
up-regulation was specific to Src. We first assessed the endogenous expression of the four
major members of the Src kinase family Fyn, Yes, Hck and Src, and found that all four
family members are expressed in ROS osteoblast-like cells (Figure 2A). To determine
whether Src specifically is required for TGF-β1 induced CTGF expression, we utilized an
siRNA technique 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 2B). At 48 hours post-transfection, total Src
levels were maximally decreased up to 90% compared to the scrambled non-targeting
siRNA control (Figure 2B). Therefore, in subsequent experiments, a 48-hour-transfection
was used. To determine if Src was the major Src Family kinase involved in CTGF induction
by TGF-β1 in ROS osteoblast-like cells, we transfected cells with Src siRNA for 48 hours
followed by 4 hours TGF-β1 treatment. Knockdown of Src (>90%) prevented CTGF
induction (~70%) after TGF-β1 stimulation (Figure 2C). To confirm that the Src siRNA we
used was specific to Src, we also assessed the level of Fyn and Yes after Src siRNA
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 2C).

Erk is Required for CTGF Induction by TGF-β1
Studies have shown that MAPKs can be activated by TGF- β1 in numerous cell types
(Blanchette et al., 2001; Hayashida et al., 2003; Hayashida et al., 1999; Hayashida et al.,
2007; Liu et al., 2008; Massague, 2003; Watanabe et al., 2001; Yang et al., 2007). The
identity of the specific MAPK(s) that are activated, including Erk1/2, p38 and JNK1/2/3, is
cell-type dependent. We previously showed in primary osteoblasts, using a luciferase
reporter analyses, that both the MEK inhibitor PD98059 and dominant negative Erk
construct blocked TGF-β1 induced CTGF promoter activity (Arnott et al., 2008). In this
series of experiments, we wanted to examine if Erk signaling plays a role for CTGF
induction by TGF-β1 in ROS cells. We conducted an initial time course study of Erk
activation after TGF-β1 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 3A). At 60 minutes post-treatment, Erk phosphorylation was
comparable to basal pre-treatment levels (Figure 3A). The total Erk levels remained constant
at all time points (Figure 3A). 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 inhibitor, PD98059, to determine the optimal dose of each that could block Erk
activation. PD98059 is one of 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,
20μM of PD98059 could effectively prevent TGF-β1 induced Erk activation (Figure 3B). In
order to determine whether Erk plays a role in TGF-β1 induced CTGF induction, ROS
osteoblast-like cells were pre-treated with PD98059 at the indicated doses followed by TGF-
β1 treatment for 4 hours. PD98059 dose-dependently blocked TGF-β1 induced CTGF
(Figure 3C) demonstrating that Erk signaling is essential for CTGF induction in ROS cells.
The dose of 20mM for PD98059 was used for subsequent studies.
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Cross-talk between Src, Erk and Smads in ROS Osteoblast-like Cells
In general, TGF-β1 exerts its functions through Smad signaling. In addition to the canonical
Smad signaling pathway, recent studies have demonstrated that other signaling effectors,
including Src family kinases and MAPKs, can be activated by TGF-β1 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; Wang et al., 2009a; Watanabe et al., 2001; Yang et al., 2007). In our preceding
studies we demonstrated that Src and Erk are required for CTGF induction by TGF-β1 in
ROS osteoblast-like cells, so the next approach was aimed at delineating any potential cross-
talk between Src, Erk and Smad signaling in osteoblasts. In some signaling paradigms, 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 (PD), for 30 minutes and then stimulated them with TGF-β1 for an additional 20
minutes. Previous studies revealed that 20 minutes post-TGF-β1 treatment caused maximal
Erk activation (Figure 3A). Western blot analysis of cell lysates demonstrated that the
activation of Erk was completely blocked following Src kinase inhibition (Figure 4). The
Erk inhibitor, PD98059, was used as a control, and effectively blocked Erk activation
subsequent to TGF-β1 treatment (Figure 4). More importantly, the Erk inhibitor had no
effect on Src activation induced by TGF-β1, demonstrating that Erk was not upstream of
Src. Total Src and total Erk levels were not affected by any of these treatments (Figure 4).
These results demonstrate that Src functions upstream of Erk in osteoblasts.

Since Smad signaling is essential for TGF-β1 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-β1 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-β1. In the canonical TGF-β1 signaling pathway, the SSXS motif at the C-terminus of
Smad 2/3 is phosphorylated by the type I 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 5A), while there was no change in total Smad 2/3
level in ROS osteoblast-like cells. Recent studies have shown that Erk could modify the
linker region at Seine 213 between the MH1 and MH2 domain of R-Smads (Furukawa et al.,
2003; Kamaraju and Roberts, 2005; Kretzschmar et al., 1999; Matsuura et al., 2005; Wang
et al., 2009a). 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 5A).
Phosphorylation of serine 213 could be detected as early as 15 minutes post-treatment and it
increased with time (Figure 5A). Interestingly, the phosphorylation of the linker region
occurred later than the phosphorylation of the conserved SSXS motif.

Next we investigated how Src and Erk affect Smad 2 and Smad 3 activation after TGF-β1
stimulation. ROS osteoblast-like cells were pre-treated with 20μM of PP2 or PD98059 for
30 minutes followed by 5ng/ml TGF-β1 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-
β1 (Figure 5B). DMSO, the diluent for PP2, had no inhibitory effect on Smad 2 or Smad 3
phosphorylation (Figure 5B). On the contrary, the Erk inhibitor, PD98059, did not prevent
Smad 2 or Smad 3 phosphorylation after TGF-β1 stimulation (Figure 5B). Our previous
results demonstrated that Erk couldn't affect the phosphorylation of Smad 2 or Smad 3 at the
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conserved C-terminal SSXS motif, so next we wanted to determine whether Src inhibitor,
PP2, or the Erk inhibitors, PD98059 could affect the phosphorylation of linker region. We
used ROS osteoblast-like cells treated with 5ng/ml TGF-β1 for 20 minutes with or without
pre-treatment with each of the pharmacological inhibitors. Once again, only the Src inhibitor
blocked TGF-β1 induced serine 213 phosphorylation, while the Erk inhibitors did not inhibit
TGF-β1 induced serine 213 phosphorylation (Figure 5C). Controls included PP3, the
inactive analog of PP2, or DMSO, the diluent for the pharmacological inhibitors, and they
had no inhibitory effect on TGF-β1 induced serine 213 phosphorylation (Figure 5C). This
experiment demonstrated that Src positively regulates Smad phosphorylation, while Erk
does not regulate Smad phosphorylation.

Although the inhibition of Erk did not affect TGF-β1 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 5ng/ml TGF-β1
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 6A). LaminA/C, a
nuclear marker, was used as a control for sample loading and transfer (Figure 6A).

Subsequent immunofluorescent experiments were conducted to visualize the localization of
activated Smad 3 following TGF-β1 treatment and to examine the effects of Src or Erk
inhibition on phosphorylated Smad 3 localization. Cells treated with TGF-β1 for 30 minutes
(positive control) showed an intense fluorescent signal for activated Smad 3 in their nuclei
compared to negative controls in which the fluorescent signal for activated Smad 3 was
undetectable or very weak (Figure 6B). Nuclei were also stained with DAPI (blue) to
correlate with the nuclear localization of activated Smad 3 (green) (Figure 6B). Similar
result were found using Smad 2 (data not shown). Cells pre-treated with the Src inhibitor,
PP2, did not exhibit a detectable fluorescent signal for activated Smad 3 (similar to negative
control), while the Erk inhibitor had no effect on the nuclear localization of activated Smad
3 (similar to positive control) (Figure 6B). These results demonstrate that Smad activation
and nuclear translocation is directly affected by the inhibition of Src but not Erk.

In addition to the immunofluorescence studies we also assessed nuclear translocation using
Western blot. Based on this time course experiment, ROS osteoblast-like cells were treated
with TGF-β1 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 6C). However, blocking Erk activation with PD98059 did not prevent the
nuclear accumulation of phosphorylated Smads, which was similar to TGF-β1 only
treatment (Figure 6C). Cells pre-treated with the diluent, DMSO, served as a negative
control and showed the same response as cells treated with TGF-β1, and none of the
experimental conditions had any effect on total Smad 2/3 levels (Figure 6C).

Erk is Required for Transcriptional Complex Formation on the CTGF Promoter
Thus far we demonstrated that Erk is required for TGF-β1 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 MAPKs, such as Erk, can modulate
the TGF-β1/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-β1, we
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examined if Erk was required for transcriptional complex formation on the CTGF promoter
in osteoblasts after TGF-β1 treatment. Previous studies have identified functional regulatory
motifs in the CTGF proximal promoter that are required to confer TGF-β1 responsiveness
(Grotendorst et al., 1996; Holmes et al., 2001). We previously demonstrated that CTGF
induction by TGF-β1 in osteoblasts is dependent on two proximal promoter elements, the
TGF-β1 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 7A). To determine if Erk signaling was required
to facilitate TGF-β1 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-β1 that were either pretreated with the inhibitor
(PD98059) or mock-treated (DMSO). We assessed the ability of Erk inhibitor/TGF-β1
treated nuclear lysates versus TGF-β1 treated alone nuclear lysates to bind to each of the
probes (Figure 7B). We found that blocking Erk activation impaired the ability of nuclear
protein complexes to bind to the S-T, T and S probes (Figure 7B). In addition, blocking Erk
completely abolished the binding of specific complexes on all three probes (Figure 7B),
suggesting that Erk signaling is required to facilitate proper CTGF promoter complex
formation/binding resulting from TGF-β1 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

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; Xu et al., 2000). We have previously shown that in primary
osteoblasts, CTGF was induced by TGF-β1 where it acted as a downstream mediator of
TGF-β1 induced matrix production (Arnott, Nuglozeh et al. 2007). We recently tested the
requirements of Smads and MAPKs signaling for TGF-β1 induced CTGF promoter activity
in osteoblasts, and demonstrated that Smads (3 and 4) and Erk (not p38 or Jnk) were
required for CTGF induction by TGF-β1 (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-β1 induced CTGF induction. Although these findings suggest that
Smads, Erk and Src play an important role in TGF-β1 induced CTGF promoter activity and
expression in osteoblasts, the detailed molecular mechanisms required for CTGF induction
by TGF-β1 remain undetermined. In this study, we examined the potential interaction
between Erk and Src for CTGF induction by TGF-β1 in ROS osteoblast-like cells and
whether they function to modulate Smad signaling.

In this study we demonstrated a time dependent activation of Src following TGF-β1
treatment in rat osteosarcoma osteoblast-like cells (ROS 17/2.8) (Figure 1B). When
osteoblasts were pre-treated with the Src family kinase inhibitor, PP2, Src activation induced
by TGF-β1 was inhibited. Importantly, TGF-β1 induced CTGF expression is impaired by
PP2 in a dose-dependent manner in ROS cells (Figure 1D), demonstrating that Src family
kinases are an essential signaling component of TGF-β1 induced CTGF expression in
osteoblasts. We found that in addition to Src, Ros cells also express other Src family
members, including Fyn, Yes or Hck (Figure 2A). In order to confirm the role of Src for
CTGF expression, we used Src siRNA to knockdown Src expression in ROS osteoblast-like
cells (Figure 2B). This approach specifically blocks Src expression by ~90% without
affecting the expression of other Src family kinase members, such as Fyn and Yes (Figure
2C). Interestingly, TGF-β1 induction of CTGF expression is abolished by >70% with Src
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siRNA transfection, demonstrating that Src appears to be the major Src Family kinase
involved in CTGF induction be TGF-β1 in osteoblasts.

The critical role that Src plays in bone was first demonstrated through the generation of the
Src knockout mouse model that exhibited osteopetrosis due to impared osteoclast function
(Soriano et al., 1991) (Boyce et al., 1992) (Boyce et al., 1993). A role for Src in osteoblast
regulation was first seen when osteoblasts from Src knockout mice had enhanced osteoblast
differentiation and bone formation with an up-regulation of bone matrix related proteins,
osteocalcin and pro-alpha 2(I) collagen (Marzia et al., 2000). On the contrary, other in-vitro
studies demonstrated that Src was activated in osteoblasts by fibroblast growth factor and
that blocking Src expression prevented expression of the extracellular matrix protein,
fibronectin (Tang et al., 2007), demonstrating that Src is a positive regulator of extracellular
matrix production in osteoblasts. While the discrepancy among some of these findings
regarding the role of Src is not understood, the role for Src as a regulator of matrix
production is consistent with its role as a regulator of CTGF as we have previously
demonstrated that CTGF is a downstream mediator of TGF-β1 induced matrix production in
osteoblasts (Arnott, Nuglozeh et al. 2007). One possibility for these discrepant findings is
compensatory effects of other Src family members. For example, Hck was up-regulated in
Src-/- osteoclasts and Src and Hck double knockout mice showed a much more severe
osteopetrosis than the Src knockout mice alone (Lowell et al., 1996). The role of other Src
family members in osteoblast regulation is not well understood. One report has
demonstrated that the up-regulation of alkaline phosphatase expression by fibroblast growth
factor receptor activation was mediated by proteasome degradation of Fyn in human
calvarial osteoblasts (Kaabeche et al., 2004), however there is no report of any bone
phenotype in knockout models of Fyn, Yes and Hck. In this study, we did demonstrate that
Fyn, Yes and Hck are expressed in osteoblasts, however in these cells Src accounts for >70-
% of CTGF induction by TGF-β1 and appears to be the major downstream signal effecter
for CTGF induction. Additional studies are warranted to examine the effects of Fyn, Yes, or
Hck in osteoblasts.

The role for Src as a signal transducer of TGF-β1 in osteoblasts is consistent with other
published reports that have also implicated Src as a downstream signaling effector of TGF-
β1 in certain cell types (Galliher and Schiemann, 2006; Kim et al., 2005; Mishra et al., 2007;
Tanaka et al., 2004; Varon et al., 2006), although there is no published report on TGF-β1
induced Src activation in osteoblasts. We used an approach to inhibit Src using the Src
family kinase inhibitor, PP2, which blocks Src activation and CTGF induction by TGF-β1
(Zhu et al., 1999). This finding is consistent with studies in fibroblasts where PP2 blocked
CTGF induction, demonstrating that Src activity is necessary for CTGF expression (Graness
et al., 2006). Src activation following TGF-β1 treatment can occur as a direct result of TGF-
β receptor activation (Sato et al., 2005; Tanaka et al., 2004) or indirectly as a result of
enhanced integrin-mediated cell attachment induced by TGF-β1 (Galliher and Schiemann,
2006; Kim et al., 2004; Kim and Joo, 2002; Varon et al., 2006). In a study using mammary
epithelial cells it was shown that PP1, and to a lesser extent, PP2, significantly inhibited
TGF receptor kinase activity and blocked subsequent downstream signal transduction
(Maeda et al., 2006) however in our cells PP2 did not inhibit TGF receptor kinase activity
(data not shown). Further, our results demonstrate a time dependent activation of Src that is
consistent with direct activation by the TGF-β1 receptor, however these results do not rule
out the possibility that other proteins may be involved. Future studies will address the
interaction between Src and the TGF-β1 receptor, and the potential requirement of other
proteins in this process

Src can function as an upstream signaling partner of Erk (Katz et al., 2006; Tsuruda et al.,
2004) and more recently Src was found as an upstream signaling partner of Erk in
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osteoblastic cell lines (Katz et al., 2006). In this study, we demonstrated that activation of
Src is required for TGF-β1 induced Erk activation, indicating that Src functions upstream of
Erk with regard to TGF-β1 in Ros cells. It is also important to note that inhibition of Erk
activation using the MEK inhibitor, PD98059, had no effect on Src activation following
TGF-β1 treatment. However, the most interesting observation was the novel requirement of
Src for Smad activation and nuclear translocation. Our results demonstrated that inhibition
of Src activation completely blocked TGF-β1 induced activation of Smads 2 and 3 as well as
their nuclear translocation. Such a role for Src in regulating Smad activation downstream of
TGF-β1 has not been identified previously in any cell type. To date there has been one
report demonstrating a role for Src mediated Smad 1/5 signaling downstream of BMP where
Src complexed with Smad 1/5 to facilitate Smad nuclear translocation (Gautschi et al.,
2008). A more detailed investigation of the Smad-Src interaction in osteoblasts is warranted.

Recent studies examining the interactions between MAPKs and Smad signaling
demonstrated that TGF-β1 induced Smad signaling is regulated by MAPKs in osteoblasts
and the cellular responses induced by TGF-β1 are determined by this interaction (Sowa et
al., 2002a; Sowa et al., 2002b). MAPKs, such as Erk, can modulate the TGF-β1/Smad
pathway through direct effects on the phosphorylation of Smads or indirectly through
activation/inactivation of required nuclear co-activators/co-repressors that mediate Smad
DNA binding (Kretzschmar et al., 1999). Using the ROS osteoblast-like cells, we
demonstrated that TGF-β1 activates Smad2 and Smad3 at the conserved TGF-β receptor
phosphorylation motif (SSXS) and the nuclear accumulation of activated Smad2 and Smad3
occurs in a time-dependent fashion. In addition to the conserved SSXS motif, the non-
conserved linker region is emerging as an important site for Smad activation. In the linker
region of Smad 3, four phosphorylation sites, Threonine 179, Serine 204, Serine 208, and
Serine 213 have been identified which can be phosphorylated by MAPKs, although the
utility of these sites for Smad activation is cell type dependent (Kretzschmar et al., 1999)
(Matsuura et al., 2005). For example, in human HaCaT keratinocytes, Erk phosphorylates
Serine 204 and Serine 208 while in mink lung epithelial cells Serine 208 was the preferred
phosphorylation site (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-β1 in a
time-dependent manner in addition to the SSXS motif. This is the first report of TGF-β1
activation of Smads at this site. While this study did not assess activation of other residues in
the linker region, the emerging importance of this region for Smad activation warrants future
studies in osteoblasts.

In contrast to Src family kinases inhibition of Smad activation, this study demonstrated that
the inhibition of Erk using the MEK inhibitor, PD98059, did not prevent activation
(phosphorylation) of Smads 2 and 3 or the translocation of the activated Smad2/3/4 complex
into the nucleus. To assess if Erk regulates Smad signaling indirectly through activation/
inactivation of required nuclear co-activators/co-repressors to mediate Smad DNA binding,
we employed electro-mobility shift assays. In these assays we demonstrated that inhibition
of Erk activation causes a significant reduction in the binding of trans-acting protein
complexes to the TRE and/or SBE in the CTGF promoter. 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 et al., 2004; Pei et
al., 2003). Based on our results, 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.
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In this study, we examined the interaction between Src and Erk for CTGF induction by
TGF-β1 in osteoblasts and whether they regulate Smad signaling. Our results demonstrate a
new paradigm where Src family kinases play a role as a major downstream signal
transduction conduit for TGF-β1 signaling in osteoblasts in the context of CTGF regulation.
Upon TGF-β1 stimulation, Src functions to distinctly regulate both Erk and Smad pathways.
It appears from our results that these two pathways synergize at the promoter level and both
pathways stimulate transcription factor binding for combinatorial CTGF promoter
transactivation. Future studies will focus on the interaction between Src and the TGF-β1
receptor and identification of the transcription factors that function downstream of Erk and
Smads that are required to achieve CTGF induction.
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Figure 1. Src signaling is required for CTGF induction in ROS cells
ROS osteoblast-like cells were cultured until they were 80% confluent and serum deprived
for 24 hours before any treatment. After all treatments, whole-cell protein lysates were used
for Western blot analysis. Each experiment was repeated a minimum of three times with
similar results. (A) To determine if TGF-β1 induces CTGF expression cells were treated
with TGF-β1 (5ng/ml) for indicated times. Whole cells lysates were extracted and used for
Western blot. (B) To determine the time course for Src family kinase activation, serum-
deprived cells were treated with TGF-β1 (5ng/ml) for 0, 5, 10, 15, 20, 30 or 60 minutes. Src
kinase activation reaches maximal level 20 minutes following TGF-β1 treatment. (C) To
determine if PP2 blocks Src activation in ROS cells, cells were serum-starved cells and pre-
treated with 20mM 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
(5ng/ml) for 20 minutes. Western blot analysis demonstrated that PP2 prevents TGF-β1
induced Src activation compared to controls. (D) To determine if Src signaling is required
for CTGF induction cells were pre-treated with PP2 (at indicated concentrations), DMSO
(the diluent for PP2) or PP3 (20mM; the inactive analog of PP2) for 30 minutes followed by
TGF-β1 (5ng/ml) 4 hours. PP2 blocks the induction of CTGF expression by TGF-β1
(maximal effect at a dose of 20 μM) in primary and ROS osteoblasts.
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Figure 2. Src expression is required for CTGF induction by TGF-β1 in ROS cells
ROS osteoblast-like cells were cultured until 80% confluent. Following treatment whole-cell
lysates were analyzed for Src expression using Western blot. (A) Src, Fyn, Yes and Hck.
Src, Fyn, Yes and Hck, are expressed in ROS osteoblasts. (B) ROS osteoblast-like cells
were cultured until 50~60% confluence and transfected with Src-specific siRNA (siSrc)
(60nM) 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, whole-cell lysates were analyzed for Src expression using Western blot. The
time course demonstrates maximal inhibition of Src expression at 48 hours post-transfection.
(C) ROS osteoblast-like cells were transfected with Src-specific siRNA (siSrc) (60nM) or
non-targeting scrambled siRNA (siCon) for 48 hours as described above, serum starved for
an additional 24 hours and treated with TGF-b1 (5ng/ml) for 4 hours. Whole-Cell lysates
were analyzed for Src, Yes and Fyn expression by Western blot. Note that the knockdown of
Src by the Src specific siRNA blocks CTGF induction by TGF-β1 in ROS osteoblast-like
cells but doesn't affect the protein expression of Fyn and Yes. Experiments were repeated 4
times with similar results.
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Figure 3. Erk is essential for CTGF induction by TGF-β1 in ROS cells
ROS osteoblast-like cells were cultured until 80% confluent and serum starved for an
additional 24 hours prior to treatment. After treatment, whole-cell protein extracts were
analyzed by Western blot analysis. Experiments were repeated a minimum of 3 times with
similar results. (A) To determine the time course for Erk activation by TGF-β1, cells were
treated with TGF-β1 (5ng/ml) for 0, 5, 10, 15, 20, 30 or 60 minutes. Erk activation reaches
maximal levels after 20 minutes TGF-β1 treatment. (B) Serum-starved cells were pre-treated
with PD98059 (PD; 20mM; a MEK1/2 inhibitor) or DMSO (the diluent for PD98059) for 30
minutes followed by TGF-β1 (5ng/ml) treatment for another 20 minutes. The MEK1/2
inhibitor, PD98059, blocks TGF-β1 induced Erk activation. (C) Cells were pre-treated with
the MEK1/2 inhibitors, PD98059 at indicated concentrations or DMSO (the diluent for
PD98059 or U0126) prior to TGF-b1 (5ng/ml) treatment for 8 hours. The inhibition of Erk
in ROS osteoblasts prevents TGF-β1 induction of CTGF expression.
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Figure 4. Src is an upstream signaling partner 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 (20mM), PD98059 (PD; 20mM) or DMSO (the
diluent for PP2 or PD98059) for 30 minutes, and then treated with TGF-b1 (5ng/ml) for 20
minutes. After treatment, whole-cell protein extracts were analyzed by Western blot
analysis. 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-β1. Experiment was repeated 4
times with similar results.
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Figure 5. Src regulates Smad activation in an Erk independent fashion
ROS osteoblast-like cells were cultured until they were 80% confluent and serum starved for
24 hours prior to any treatment. After treatment, whole-cell protein extracts were analyzed
by Western blot analysis. Experiment were repeated 4 times with similar results. (A) To
determine the time course for TGF-β1 induced Smad2 and Smad3 activation, cells were
treated with TGF-β1 (5ng/ml) for 0, 5, 10, 15, 30 or 60 minutes. Both Smad2 and Smad3
demonstrate the robust activation following TGF-β1 treatment with maximal activation
occurring 20 minutes post-treatment (B) Serum-starved cells were pre-treated with the Src
kinase inhibitor, PP2 (20mM), the Erk inhibitor, PD98059 (PD; 20mM), or diluent (DMSO)
alone for 30 minutes followed by treatment with TGF-b1 (5ng/ml) for 20 minutes. While Src
inhibition blocks activation of Smad2 and Smad3, Erk inhibition has no effect on Smad
activation. (C) Serum-deprived cells were pre-treated with PP2 (20mM; Src kinase
inhibitor), PD98059 (PD; 20mM; Erk inhibitor), U0126 (U; 30mM; Erk inhibitor), PP3 (an
inactive analog of PP2), or DMSO (diluent only) for 30 minutes followed by TGF-b1
stimulation (5ng/ml) for 20 minutes. The results demonstrated that inhibition of Src, but not
Erk, blocks linker region phosphorylation of Smad3.
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Figure 6. Src regulates Smad nuclear translocation
ROS osteoblast-like cells were plated 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 (5ng/ml) for 0, 15, 30 or 60 minutes. Nuclear protein was
separated from cytoplasmic protein as described in Material and Methods and nuclear lysate
(20mg) 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. Experiment was repeated 4 times with
similar results. Nuclear translocation of activated Smad2 and Smad3 reaches maximal levels
30 post-treatment. (B) To determine if Src regulates Smad nuclear translocation all cells
except for the negative controls (a, e) were treated with 5ng/ml TGF-b1 for 30 minutes;
some were pre-treated for 30 minutes with 20mM PP2 (c, g), a Src kinase inhibitor, or with
20mM PD98059 (PD; d, h), an Erk inhibitor. Following treatment, all cells were fixed,
permeabilized and incubated with anti-phospho Ser 423/425 Smad3 primary antibody
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. Experiment was
repeated 3 times with similar results. Note that nuclear accumulation of activated Smad2 (A
panel) or Smad 3 (B panel) following TGF-β1 treatment (compare f with e) is blocked by
PP2 (g) but not by PD98059 (h). (C) Additionally nuclear translocation was examined using
Western blot analysis. Serum-starved cells were pre-treated with PP2 (20mM), PD98059
(PD; 20mM) or DMSO (diluent for PP2 and PD98059) for 30 minutes followed by TGF-b1
(5ng/ml) stimulation for another 30 minutes. Nuclear protein was separated from
cytoplasmic protein and total nuclear protein (20mg) lysate was used for Western blot
analysis. The inhibition of Src, but not Erk, blocks the nuclear translocation of activated
Smads. Experiment was repeated 3 times with similar results.
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Figure 7. 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 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 (5ng/ml) for 24 hours. The binding of nuclear proteins to the SBE and/or the
TRE in the CTGF promoter was assessed using 5mg of indicated nuclear lysates. In the
presence of the Erk inhibitor the proteins that bind to each of the probes are significantly
reduced in quantity or eliminated (see arrows for examples). Experiment was repeated 3
times with similar results.
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