
Thrombin Stimulation of Proteoglycan Synthesis in Vascular
Smooth Muscle Is Mediated by Protease-activated
Receptor-1 Transactivation of the Transforming Growth
Factor � Type I Receptor*

Received for publication, December 7, 2009, and in revised form, May 24, 2010 Published, JBC Papers in Press, June 22, 2010, DOI 10.1074/jbc.M109.092767

Micah L. Burch‡§, Mandy L. Ballinger‡1, Sundy N. Y. Yang‡, Robel Getachew‡, Catherine Itman¶, Kate Loveland¶,
Narin Osman‡§, and Peter J. Little‡§2

From the ‡Diabetes and Cell Biology Laboratory, BakerIDI Heart and Diabetes Institute, Melbourne, 3004 Victoria, Australia, the
§Departments of Medicine and Immunology, Central and Eastern Clinical School, Alfred Hospital, Monash University, Melbourne,
3004 Victoria, Australia, and the ¶Departments of Biochemistry & Molecular Biology and Anatomy & Developmental Biology,
Monash University, Clayton, Victoria 3800, Australia

Growth factors modify the structure of the glycosaminoglycan
(GAG) chains on biglycan leading to enhanced LDL binding.
G-protein receptor-coupled agonists such as thrombin, signal
changes the structure of proteoglycans produced by vascular
smoothmuscle cells (VSMCs). One component of classical G-pro-
tein-coupled receptor (GPCR) signaling invokes transactivation of
protein tyrosinekinase receptors suchas theepidermalgrowth fac-
tor receptor. Serine/threonine receptor growth factors such as
transforming growth factor-(TGF)-� are potent activators of pro-
teoglycan synthesis. We have used the model of proteoglycan
synthesis to demonstrate that the signaling paradigmofGPCRsig-
naling can be extended to include the transactivation of serine/
threonine receptor, specifically the TGF-� type I receptor (T�RI)
also known as activin-like kinase (ALK) V. Thrombin stimulated
elongation of GAG chains and increased proteoglycan core pro-
tein expression and these responses were blocked by the T�RI
antagonist, SB431542 and T�RI siRNA knockdown, as well as
several protease-activated receptor (PAR)-1 antagonists. The
canonical downstream response to TGF-� is increasedC-termi-
nal phosphorylation of the transcription factor Smad2 generat-
ing phospho-Smad2C (phosphorylation of Smad2 C-terminal
region). Thrombin stimulated increased phospho-Smad2C
levels, and the response was blocked by SB431542 and
JNJ5177094. The proteolytically inactive thrombin mimetic
thrombin-receptor activating peptide also stimulated an
increase in cytosolic phospho-Smad2C. Signaling pathways for
growth factor regulated proteoglycan synthesis represent ther-
apeutic targets for the prevention of atherosclerosis, but the
novel finding of a GPCR-mediated transactivation of a serine/
threonine growth factor receptor almost certainly has implica-
tions well beyond the synthesis of proteoglycans.

Cardiovascular disease is the largest single cause ofmortality,
and its major underlying pathology is atherosclerosis (1). The
process of atherosclerosis commences with the trapping of
lipoproteins in the vessel wall by modified proteoglycans, spe-
cifically the glycosaminoglycan (GAG)3 chain elongated and
sulfated chondroitin and dermatan sulfate biglycan and decorin
(2, 3), and it continues as an inflammatory disease (4). Proteo-
glycan synthesis and structure is regulated by vasoactive growth
factors, and consequently, their receptors and signaling path-
ways are potential therapeutic targets (5, 6).
G-protein-coupled receptors (GPCRs) are seven transmem-

brane receptors and are present on vascular smooth muscle
cells (VSMCs) where they signal important actions such as vas-
cular contraction, cellular migration and proliferation, and
secretion (7, 8). GPCR agonists include key vasoactive mole-
cules associated with physiology and pathophysiology, includ-
ing thrombin, endothelin-1, and angiotensin II (9). The current
paradigm of GPCR signaling covers threemajor pathways; first,
the classic pathway in which ligand engagement causes G-pro-
tein binding to the receptor andG� complexes then regulate the
activity of downstream effector molecules (10); second, �-ar-
restin signaling via ligand-regulated scaffolds (11); and third, as
first described by Ullrich in 1996 (12), GPCR agonists through
their receptors can transactivate a receptor protein tyrosine
kinase (PTK), such as the EGF receptor, platelet-derived
growth factor (PDGF) receptor and fibroblast growth factor
(FGF) receptor, leading to both Ras-dependent MAPK activa-
tion and stimulation of PI3K (13). Thrombin is a serine prote-
ase, which causes cellular effects including calcium signaling,
proliferation (14, 15), cytoskeletal rearrangement, contraction
(16), and regulation of extracellular matrix synthesis (17),
including proteoglycans (18). Thrombin has the unique mech-
anism of receptor activation in that it cleaves the extracellular
domain of its GPCR to liberate a tethered ligand that activates
the receptor (19).
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We have reported recently that thrombin stimulates proteo-
glycan synthesis by VSMCs (18), and stimulation is associated
with an increase in the length of biglycan GAG chains (18). The
effects of thrombin on proteoglycan synthesis are completely
blocked by the PAR-1 antagonist, JNJ5177094 and are not
observed for a catalytically inactive thrombinmimetic, indicat-
ing that signaling occurs via the PAR-1 (18, 19). The actions of
thrombin on proteoglycan synthesis were also partially (�40%)
mediated via transactivation of the tyrosine kinase EGF recep-
tor (18). We have previously reported on the potent activity
of TGF-� to cause GAG elongation in VSMCs via its serine/
threonine kinase receptor, TGF-� type I receptor/activin-like
kinase V (T�RI/ALK V) and its downstream canonical car-
boxyl-terminal Smad phosphorylation pathway (20, 21). Being
aware of the role of GPCR in transactivation of receptor tyro-
sine kinases (12) and its involvement in thrombin actions on
proteoglycan synthesis in VSMCs (18) and notwithstanding
that the current transactivation signaling paradigm is limited to
tyrosine kinase receptors (22), we considered and evaluated
whether or not the effect of thrombin mediated via PAR-1,
might involve transactivation of T�RI/ALK V.

EXPERIMENTAL PROCEDURES

Materials—The following chemicals were purchased from
Sigma: thrombin, benzamidine hydrochloride, DEAE-Sepha-
cel, and chondroitin sulfate. Thrombin-receptor activating
peptide (TRAP; SFLLRN-NH2) was from Anaspec, Inc..
SB431542, Dulbecco’s modified eagle medium (DMEM), and
glutamine were from Invitrogen; fetal bovine serum (FBS) and
penicillin streptomycin fungzione were obtained from CSL
(Parkville, Australia); human recombinant TGF-� was ob-
tained from R&D Systems; carrier-free [35S]SO4 and [35S]-la-
beled methionine/cysteine were obtained from MP Biomedi-
cals. Rainbow [14C]-methylated protein molecular weight
standard was from Amersham Biosciences Pharmacia (Buck-
inghamshire, England); cetyl pyridinium chloride was from
Unilab Chemicals and Pharmaceuticals (India); Whatman
3MM chromatography paper was from Biolab (Mulgrave, Aus-
tralia); Instagel plus scintillation fluid was from PerkinElmer
Life Sciences; poly-Prep columns were from Bio-Rad. The
PAR-1 antagonist JNJ5177094 was kindly supplied by Dr. P.
Andrade of Johnson and Johnson Pharmaceuticals, Spring
House, PA. The PAR-1 inhibitor SCH79797 was from Tocris
Biosciences. T�RI/ALKV siRNA (SMARTpool) was purchased
from Dharmacon (Lafayette, CO).
Culture of Human VSMCs—Human VSMCs were obtained

by the explant method (23) from otherwise discarded sections
of saphenous veins from patients undergoing coronary artery
bypass grafting, at the Alfred Hospital, with approval by the
Alfred Ethics committee. VSMC were grown in DMEM with 5
mM glucose, 10% FBS and 1% penicillin-streptomycin-fungzi-
one solution. For experimentation, VSMC were seeded into
24-well plates, grown until confluency, and then rendered qui-
escent by serum starvation for 48 h.
Quantitation of Proteoglycan Synthesis—Quiescent cells were

changed to fresh medium containing 50 �Ci/ml of [35S]sulfate in
the presence or absence of thrombin for 24 h.Medium from the
cell cultures was harvested with added protease inhibitors (5

mM benzamidine in 0.1 M 6-aminocaproic acid). Incorporation
of the radiolabel into proteoglycans was measured by cetyl pyr-
idinium chloride precipitation assay, as described previously
(24).
SDS-PAGE Analysis of Proteoglycan Size—Proteoglycans

labeled with [35S]sulfate were prepared for SDS-PAGE by iso-
lation through DEAE-Sephacel anionic exchange mini col-
umns. Samples were added to pre-equilibrated columns and
then washed extensively with low salt buffer (8 M urea, 0.25 M

NaCl, 2 mM disodium EDTA, 0.5% Triton X-100). Proteogly-
cans were eluted with high salt buffer (8 M urea, 3 MNaCl, 2mM

disodium EDTA, 0.5% Triton X-100) and fractions containing
the highest number of 35S cpm were pooled. Aliquots (25,000
cpm) were precipitated (1.3% potassium acetate, 95% ethanol)
and chondroitin sulfate was added as a “cold carrier.” Samples
were resuspended in buffer (8 M urea, 2 mM disodium EDTA,
pH 7.5), to which an equal volume of sample buffer was added.
Radiolabeled proteoglycanswere separated on 4–13% acrylam-
ide gels with a 3% stacking gel at 50 V overnight. A radiolabeled
([14C]) protein molecular weight marker was run simulta-
neously. Processed and dried gels were exposed to a phospho-
rimaging screen (Fuji Photo Film Co) for �3 days and then
scanned on a Bio-imaging analyser BAS-1000 MacBas (Fuji
Photo Film Co, Japan).
Western Blotting—Total cell lysates were resolved on 10%

SDS-PAGE and transferred onto PVDF. Membranes were
blocked with 5% skim milk powder, incubated with anti-phos-
phorylated Smad2 (phospho-Smad2) rabbit monoclonal anti-
body, and followed by HRP anti-rabbit IgG and ECL detection.
Measurement of IP3 Production—VSMCs were grown to

�80% confluency in DMEM with 5 mM glucose, 10% FBS, and
1%penicillin-streptomycin-fungzione solution. Cells were then
washed and incubated in inositol phosphate-free DMEM
(DMEM/�IP) containing 6.25�Ci ofmyo-[3H]inositol for 4–6
h, followed by an additional volume of DMEM/�IP, and cells
were incubated for a further 18–20 h. Cells were then washed
withDMEM/�IP, andDLB solution (DMEM/�IP, 10mMLiCl,
0.1% BSA) was added, followed by incubation at 37% for 10min
without antagonist or 30 min with antagonist and then sti-
mulated with agonists. Media was removed and cold TEP
(5% TCA, 2.5 mM EDTA, 5 mM phytic acid) was added to
terminate inositol triphosphate production. Lysates were
then collected, and a 1:1 solution of tri-n-octylamine:1,1,2-
tricholorethane was added. Samples were vortexed, and a
volume of top phase was collected and added to 10 ml dis-
tilled H2O. Inositol 1,4,5-trisphosphate (IP3) was isolated
through Dowex-1-chloride mini columns. After loading,
samples were washed with distilled H2O and then 60 mM

ammonium formate. IP3 were eluted with buffer (0.1 M for-
mic acid, 1 M ammonium formate). Samples were then ana-
lyzed on a liquid scintillation counter for 3H.
siRNA Knockdown of T�RI/ALKV—VSMCs were main-

tained in DsMEM (5 mM glucose, 10% FBS, and 1% penicillin-
streptomycin-fungzione) and grown to 90% confluence before
transfection with siRNA using DharmaFECTTM according to
themanufacturer’s instructions. Culturewas continued for 48 h
and then treated as required.
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RESULTS

The small molecule inhibitor, SB431542, is a well character-
ized antagonist of serine/threonine kinase activity of the T�RI
(25, 26). SB431542 inhibits the action of TGF-� on VSMC pro-
teoglycan synthesis (21), and we used it as a tool to investigate
the role of T�RI in mediating the effects of thrombin on pro-
teoglycan synthesis in human VSMCs. Radiosulfate incorpora-

tion into secreted proteoglycans is
used as a measure of proteoglycan
synthesis, and it represents the sum
of increased proteoglycan core pro-
tein synthesis (and hence more
GAG initiation sites), elongation of
the GAG chains and increased
sulfation of the GAG chains (5).
Thrombin treatment of confluent
serum-deprived VSMCs caused a
2.5-fold increase in [35S]sulfate in-
corporation, and this was blocked
(partially) inaconcentration-depen-
dent manner by SB431542 (0.1–3
�M) (Fig. 1a). Inhibition was appar-
ent at very low concentrations
(0.1 �M) of SB431542 consistent
with the specificity of action being
limited to the proposed target.
SB431542 blocked almost 50% of
the response to thrombin with an
IC50 of �250 nM. siRNA knock-
down of the T�RI/ALKV (100 nM)
also totally inhibited TGF-�, but
importantly, thrombin mediated
radiosulfate incorporation (Fig. 1c).
We have demonstrated previously
that the size of theGAGchains from
thrombin-treated cells is increased
when analyzed by SDS-PAGE and
confirmed by the gold standard
technique of size exclusion chroma-
tography of the free GAG chains
chemically released from the core
proteins (18). Furthermore, the
action of thrombin extends to the
synthesis of short GAG chains on
exogenous xyloside and is therefore
occurring at the level of the synthe-
sis of the GAG chains in the Golgi
apparatus (18).We analyzed the size
of the proteoglycans secreted by the
cells as shown in Fig. 1a by SDS-
PAGE (Fig. 1b). Thrombin treat-
ment increased the size of themajor
secreted proteoglycan, the derma-
tan sulfate proteoglycan, biglycan,
and this was inhibited in a con-
centration-dependent manner by
SB431542 (Fig. 1b). The increase in
size of biglycan by thrombin also

was inhibited partially by siRNA knockdown of the T�RI/
ALKV (Fig. 4d). The size of the core protein does not change,
andwe have previously demonstrated formultiple agonists that
the change in size of the proteoglycan is due to a change in size
of the GAG chains (18, 20).
Increases in radiosulfate incorporation (Fig. 1a) arise from

increased expression of proteoglycan core proteins and elonga-

FIGURE 1. Thrombin-mediated proteoglycan synthesis is inhibited by TGF-� receptor ALK V inhibition,
which is not due to the release and autocrine/paracrine action of TGF-�. VSMCs were treated with
SB431542 (SB; 0.1–3 �M) in the presence of thrombin (10 units/ml) and [35S]SO4 (50 �Ci/ml) for 24 h.
JNJ5177094 (JNJ; 30 �M) was used as a positive control. a, harvested medium containing secreted proteogly-
cans was spotted onto Whatman paper and run through cetyl pyridinium chloride precipitation, as outlined
under “Experimental Procedures,” to assess radiolabel incorporation. b, secreted proteoglycans were isolated
using DEAE-loaded ion exchange chromatography followed by concentration using ethanol/potassium ace-
tate precipitation. Electrophoretic mobility relating to the overall size of complete proteoglycans was assessed
by SDS-PAGE over a 4 –13% acrylamide gradient gel. The gel reveals biglycan as the proteoglycan of interest
and is representative of three identical experiments. c and d, VSMCs were transfected with ALK V siRNA for 48 h
followed by treatment with TGF-� (2 ng/ml) or thrombin (10 units/ml) for 24 h. Radiolabel incorporation and
electrophoretic mobility were assessed as described above. e, VSMCs were treated with SB431542 (3 �M) or
JNJ5177094 (30 �M) in the presence of thrombin (10 units/ml) and [35S]-Met/Cys (50 �Ci/ml) for 24 h to asses
proteoglycan core protein synthesis. TGF-� alone and with SB431542 (3 �M) was used as a positive control.
Radiolabeled incorporation was assessed as described above. f, VSMCs were treated with a pan-TGF-� neutral-
izing antibody (Ab) with or without SB431542 (3 �M) in the presence of thrombin (10 units/ml) or TGF-� (2
ng/ml) and [35S]SO4 (50 �Ci/ml) for 24 h. Radiolabeled incorporation was assessed as described above. Results
are the mean � S.E. of data normalized to control from three separate experiments in triplicate. **, p � 0.01 and
*, p � 0.05 versus thrombin or TGF-� alone and ##, p � 0.01 versus control, using a one-way ANOVA.
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tion of GAG chains (5). The synthesis of proteoglycan core
proteins can be quantitated by providing the cells with a radio-
labeled amino acid (35S-Met/Cys) and determining secreted
levels of radioactivity by the cetyl pyridinium chloride precipi-
tationmethod, which is specific for the identification of proteo-
glycans (27). Treatment of VSMCs with thrombin and TGF-�
each resulted in an �30% increase in secreted proteoglycan
core proteins over 24 h (Fig. 1e). The stimulation by thrombin
was completely blocked by the PAR-1 antagonist JNJ5177094
and partially (�50%) blocked by the T�RI/ALK V antagonist
SB431542. The response to TGF-� was completely blocked by
SB431542 (Fig. 1e). These data indicate that the stimulation of
proteoglycan core protein synthesis and secretion by thrombin
involves PAR-1 and T�RI/ALK V.
We reported previously (21) that the effect of PDGF on

radiosulfate incorporation into secreted proteoglycans and
GAG elongation in VSMCs was blocked by SB431542 (21).
However, in that case, we utilized a pan-TGF-� antibody to
immunoneutralize any released TGF-� and demonstrated that
the effect of PDGF was due to the release and subsequent auto/
paracrine action of TGF-� (21). Thrombin can release TGF-�
from the pericellular matrix (28). To determine whether a sim-
ilar mechanism applied to the action of thrombin on biglycan
synthesis and secretion by human VSMCs, we utilized the pan-
TGF-� antibody immunoneutralization strategy in VSMCs
treated with thrombin (Fig. 1f). The pan TGF-�-neutralizing
antibody greatly attenuated the effect of exogenously added
TGF-�, but it did not inhibit the action of thrombin to stimulate
radiosulfate incorporation into these cells (Fig. 1f). Further-
more, when TGF-� actions were inhibited by SB431542, there
was no further inhibition apparent in the presence of high con-
centrations of the anti TGF-� antibody (Fig. 1f). We further
examined the effect of thrombin on the size of biglycan mole-
cules as assessed by SDS-PAGE, and again, the effect of throm-
bin was not attenuated in the presence of an immunoblocking
concentration of a pan-TGF-� antibody (data not shown).
Thus, either VSMCs are not releasing TGF-� or if they are
synthesizing and releasing TGF-� or TGF-� is being released
from storage sites in the matrix, then the amount that is
released is insufficient to have an auto-paracrine action on the
cells to activate T�RI/ALKV receptors and affect proteoglycan
synthesis. It is noteworthy that although TGF-� is released
from the pericellular matrix the majority is in the inactive
latent, rather than biologically active patent form (28).
Thrombin is a trypsin-like serine protease, which extremely

rapidly activates PAR-1 by binding to and cleaving the amino-
terminal exodomain of the PAR-1 at the Arg-41/Ser-42 peptide
bond to unmask a new receptor amino terminus and unveils a
tethered peptide ligand, containing the hexapeptide recogni-
tion sequence, SFLLRN, which activates the receptor (19). Pep-
tide mimetics have been developed, which can activate the
PAR-1 receptor but do not possess protease activity (29), giving
the opportunity to study the effect of PAR-1 activation in the
absence of the potentially confounding protease activity of
thrombin. TRAP, the hexapeptide amine SFLLRN, treatment of
VSMCs for 24 h lead to increased [35S]sulfate into secreted
proteoglycans (Fig. 2a). The effect of TRAP was blocked by the
PAR-1 antagonist JNJ5177094, and it was also blocked by

SB431542 (Fig. 2a). Further analysis demonstrated that treat-
ment of cells with TRAP leads to the synthesis of biglycan mol-
ecules that are of increasedmolecular size (Fig. 2b, lane 4 versus
1). Thus, the [35S]sulfate incorporation (Fig. 2a) andGAGelon-
gation effect (Fig. 2b) of TRAP is blocked by SB431542.
SB431542 and JNJ5177094 had a small effect on basal sulfate
incorporation (Fig. 2a) but a minimal effect on biglycan size
(Fig. 2b). These data strongly suggest that the effect of thrombin
on proteoglycan synthesis, secretion, and GAG hyperelonga-
tion wasmediated via PAR-1 andwas not due to the proteolytic
activity of thrombin releasing or activating TGF-� from the
extracellular matrix.
The initial downstream signaling consequences of the ac-

tivation of the T�RI/ALK V are the phosphorylation of the
Smad transcription factors, specifically Smad2 and -3 in the
carboxyl-terminal generating, phospho-Smad2C and phospho-
Smad3C, respectively (30). The exact consequences depend
upon the cell type and context (30). We have demonstrated
previously and reported that TGF-� activates proteoglycan
synthesis in VSMCs via amechanism involving T�RI and phos-
phorylation of Smad2 (21). Here, we evaluated the temporal
effects of thrombin treatment of VSMCs on the level of phos-
pho-Smad2C (Fig. 3a). Assessed over a 24-h period, we
observed an increase in the level of phospho-Smad2C at 1–2 h
and a slowly increasing level of phospho-Smad2C out to 24 h.
(Fig. 3a). This response is slower than the effect of TGF-� itself
on activation of phospho-Smad2C but is consistent with a
direct action of the PAR-1 on the T�RI.

FIGURE 2. A thrombin-mimetic, TRAP-mediated proteoglycan synthe-
sis is blocked by inhibition of ALK V. VSMCs were treated with SB431542
(3 �M) or JNJ5177094 (10 �M) in the presence of TRAP (500 �M) and
[35S]SO4 (50 �Ci/ml) for 24 h. a, radiolabeled incorporation was assessed as
described in Fig. 1A. Results are the mean � S.E. of data normalized to control
from three separate experiments in triplicate. **, p � 0.01 versus TRAP alone
and ##, p � 0.01 versus control using a one-way ANOVA. b, complete proteo-
glycans were isolated and separated over SDS-PAGE (4 –13% acrylamide gra-
dient) as described in Fig. 1b. The gel is a representative of three independent
experiments.

PAR-1 to T�RI Transactivation and Proteoglycan Synthesis

AUGUST 27, 2010 • VOLUME 285 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 26801



The question arises whether thrombin generated phospho-
Smad2C is a physiologically relevant response such that it can
lead to translocation of the phospho-Smad2C to the cell
nucleus, where it has the capacity to act in a complex as a tran-
scription factor (31). To answer this question, we treated
serum-deprived human VSMCs with thrombin and TGF-�,
isolated a nuclear fraction by cellular disruption and centrifu-
gation, and assessed the levels of phospho-Smad2C byWestern

blotting. Thrombin elicited an early increase in nuclear lev-
els of phospho-Smad2C (1 h) and subsequently a rise to
higher levels at 24 h (Fig. 3b). As a positive control, TGF-�
also caused a marked increase of phospho-Smad2C in the
nuclear fraction (Fig. 3b). These data indicate that the action
of thrombin to trans-activate T�RI receptors generates func-
tionally active phospho-Smad2C, which translocates to the
nucleus as if it were generated classically from TGF-� activa-
tion of T�RI/ALK V.
The effect of thrombin to increase phospho-Smad2C levels

was blocked by inhibition of PAR-1 using multiple approaches,
including blockade with the small molecule inhibitors
JNJ5177094 (Fig. 4a), and dose-dependently with SCH79797
(Fig. 4b). In addition, preincubationwith a PAR-1-specific anti-
body, which competitively binds to the tethered ligand region,
completely blocked the stimulation of phospho-Smad2C
(Fig. 4c). A similar effect is seen when interfering with the
thrombin active site using 5� molar excess hirudin (Fig. 4d).
Confirming the role ofALKV, SB431542 also completely inhib-
ited the ability of thrombin to stimulate phospho-Smad2C (Fig.
4a). We also evaluated the effect of the thrombin mimetic,
TRAP, to activate carboxyl-terminal phosphorylation of
Smad2. Treatment of VSMCs with TRAP lead to an increase in
cytosolic phospho-Smad2C, and this response was attenuated
by SB431542 and JNJ5177094 (Fig. 4a). Thus, we have demon-
strated that activation of PAR-1 with either its natural ligand
thrombin or a peptide mimetic TRAP leads to increased cyto-
plasmic levels of the classic T�RI/ALK V receptor product,
phospho-Smad2C.
Although the data show that thrombin can activate Smad2C

phosphorylation and its nuclear translocation is an outcome
known only to occur as a downstream response to activation of
T�RI/ALK V (30), further aspects of the data rely on the spec-
ificity of the inhibitors of each of the receptors involved in the
transactivation pathway, namely PAR-1 and T�RI/ALK V, so
we explored this issue. A classic GPCR response that we have
characterized previously in these VSMCs is agonist-mediated
activation of phospholipase C leading to the cleavage of phos-
phatidylinositol bisphosphate yielding diacylglycerol and IP3
(32). We evaluated the effect of SB431542 (0–3 �M) and
JNJ5177094, respectively, on thrombin-stimulated IP3 accumu-
lation in human VSMCs (Fig. 5a). Thrombin caused a 3-fold
increase in the level of IP3, whichwas not blocked by the highest
concentration of SB431542 but was antagonized completely by
JNJ5177094 (Fig. 5a). The fact that the responsewas sensitive to
JNJ5177094 confirmed that it is mediated via PAR-1. Thus,
there is no evidence that SB431542 has any direct inhibitory
activity toward the thrombin receptor PAR-1.We evaluated the
potential inhibitory activity of the thrombin receptor antago-
nist toward the T�RI by stimulating cells with TGF-� in the
presence and absence of SB431542 and JNJ517094 and assess-
ing phospho-Smad2C levels by Western blotting (Fig. 5b). The
effect of TGF-� to increase phospho-Smad2C levels was
blocked by SB431542 but was totally unaffected by the PAR-1
antagonist JNJ5177094 (Fig. 5b). SCH79797 also exhibited no
inhibitory action on the ability of TGF-� to stimulate phospho-
Smad2C (Fig. 4b, lanes 7 and 8). A further interesting question
relates to the directionality and specificity of the signaling path-

FIGURE 3. Thrombin stimulates Smad2 phosphorylation over 24 h.
Thrombin causes nuclear translocation of phospho-Smad2. a, VSMCs were
treated with thrombin (10 units/ml) for up to 24 h. VSMCs stimulated with
TGF-� (2 ng/ml) for 1 h (TGF-�) were used as a positive control. Cell lysates
were collected and proteins (50 �g) were resolved on SDS-PAGE 10% acryl-
amide gel and then transferred to a PVDF membrane. The membrane was
then incubated with anti-Smad2(Ser-465/467) monoclonal antibody (1:1000)
followed by peroxidise-labeled anti-rabbit IgG secondary antibody. The
membrane was then reprobed with unphosphorylated-Smad2 and anti-
GAPDH monoclonal antibody’s (1:1000) followed by peroxidise labeled anti-
rabbit IgG secondary antibody to determine equal loading. b, VSMCs were
treated with thrombin (10 units/ml) for up to 24 h. TGF-� (2 ng/ml) stimula-
tion at 1 h was used as a positive control. Nuclear fractions were collected
using cellular disruption and centrifugation and separated (50 ng/ml) by SDS-
PAGE on a 10% acrylamide gel. Proteins were transferred and probed as
described in a. The gel is a representation of three separate experiments.
Histograms represent band density expressed as fold over basal from at least
three separate experiments. **, p � 0.01 versus untreated control using a
one-way ANOVA. a and b do not show quantitation of TGF-� bands as they
appear off of the scale.
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ways downstreamof PAR-1 andT�RI/ALKV. To address these
questions, we examined the ability of TGF-� to activateGPCRs,
including PAR-1, which are coupled to phospholipase C and
thus generate IP3. HumanVSMCswere treated with TGF-� for
up to 30 min, and the response was compared with PDGF used
as a positive control. TGF-� did not increase IP3 levels over 30
min, a time over which PDGF caused a 10-fold increase in IP3
levels (Fig. 5c). Thus, PAR-1 activates T�RI/ALK V, but T�RI/
ALKV does not activate PAR-1; furthermore, there is no cross-

talk from the T�RI signaling pathway to activation of phospho-
lipase C associated with PAR-1 or most likely any GPCR.

DISCUSSION

GPCR transactivation of PTK receptors was first described
by Ulrich in 1996 (12). Subsequent work has described two
major pathways of receptor transactivation. In the first
instance, GPCR stimulation induces activation of matrix met-
alloproteinase, membrane-bound ADAM family proteases,

FIGURE 4. Blockade of PAR-1 and ALK V inhibits thrombin stimulated phosphorylation of Smad2. a, VSMCs were treated with SB431542 (SB; 3 �M) or
JNJ5177094 (JNJ; 30 �M for thrombin and 10 �M for TRAP) in the presence of thrombin (10 units/ml) or TRAP (500 �M) and cellular lysates collected at 4 h. Lysate
proteins (50 ng/ml) were resolved over 10% acrylamide SDS-PAGE and transferred to a PVDF membrane. The membrane was probed with anti-Smad2
(Ser-465/467) monoclonal antibody (1:1000) followed by peroxidise-labeled anti-rabbit IgG secondary antibody (Ab). Reprobing with anti-smooth muscle �
actin (1:1000) followed by peroxidase-labeled anti-mouse IgG secondary antibody indicated equal loading of proteins. The gel is a representation of three
separate experiments. b, VSMCs were preincubated for 30 min with monoclonal anti-PAR-1 antibody (5–25 �g/ml) before addition of thrombin (10 units/ml).
TGF-� stimulation for 4 h was used as a positive control. Cellular lysates were collected at 4 h and separated (50 ng/ml) by SDS-PAGE on a 10% acrylamide gel.
Proteins were transferred and probed as described in Fig. 3a. The gel is a representation of three separate experiments. c, VSMCs were treated with SCH79797
(SCH; 1–10 �M) in the presence of thrombin (10 units/ml). SCH79797 (10 �M) in the presence of TGF-� (2 ng/ml) was used as a positive control. Cellular lysates
were collected at 4 h and separated (50 ng/ml) by SDS-PAGE on a 10% acrylamide gel. Proteins were transferred and probed as described in Fig. 3a. The gel is
a representation of three separate experiments. d, VSMCs were preincubated for 15 min with 5� molar excess hirudin before addition of thrombin (10
units/ml). TGF-� alone and in the presence of hirudin (5� molar excess) was used as a positive control. Cellular lysates were collected at 4 h and separated (50
ng/ml) by SDS-PAGE on a 10% acrylamide gel. Proteins were transferred and probed as described in Fig. 3a. The gel is a representation of three separate
experiments. Histograms represent band density expressed as fold over basal from at least three separate experiments. ##, p � 0.01 versus untreated control,
*, p � 0.05 versus thrombin or TRAP alone, and **, p � 0.01 versus thrombin or TRAP alone using a one-way ANOVA. b, c, and d do not show quantitation of TGF-�
bands as they appear off the scale.
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that cause ectodomain shedding of an agonist such as heparin-
binding EGF, which acts as a ligand at its cognate receptor (33).
EGF activation leads to growth stimulation attributable to the
GPCR activation (33). GPCR involved in this pathway include
the receptors for thrombin, angiotensin, endothelin, acetylcho-
line, and lysophosphatidic acid. The second mode of GPCR to
PTK receptor transactivation is independent of the cognate

ligand for the PTK receptor. PTK activation occurs via a multi-
tude of intracellular signaling pathways downstream of the
GPCR that lead to PTK receptor activation. Such intracellular
signaling involves intracellular calcium, reactive oxygen spe-
cies, and PTKs such as Src. We have no information on the
mechanism through which PAR-1 trans-activates T�RI.
Thrombin has protease activity. We have excluded the possi-
bility that the response is due to the release of TGF-� either
from thematrix or the cells, so themechanismof cognate ligand
release that applies to GPCR activation of PTK receptor does not
apply. Furthermore, we have found that the response of GPCR
transactivationofT�RI/ALKValsooccurs forendothelin-1acting
throughanendothelin receptor (datanot shown).Endothelindoes
not possess proteolytic activity further arguing against a role of the
proteolytic activity of thrombin other than its action to activate
PAR-1. Our data shows that the pharmacological antagonists are
more efficacious in inhibiting TRAP than thrombin stimulated
transactivation of T�RI in both the immediate response of an
increase in phospho-Smad2 and the functional readout of the
stimulation of biglycan synthesis and GAG elongation. This is
most certainly a property of the thrombin receptor, PAR-1, in that
being a protease-activated receptor the highly thermodynamically
favorably interactionof a tethered ligand (generatedby theproteo-
lytic actionof thrombin)with its receptor ismuchmoredifficult to
block than is the interaction of a free peptide ligand, TRAP, in its
interaction with PAR-1.
We have established that the transactivation of T�R is uni-

directional in the direction of GPCR3T�R because treatment
of the VSMCs with TGF-� does not increase the accumulation
of IP3, which is the classic response that is strongly evoked by
the GPCRs, thrombin, and endothelin (data not shown). The
absence of an effect of TGF-� on IP3 accumulation in these cells
clearly indicates that there is no backwards signaling to any
GPCR that can activate phospholipase C.
We also show that the thrombin induced increase in cytoso-

lic phospho-Smad2C has functional consequences whereby the
phospho-Smad2C actively translocates to the nucleus albeit at
different levels upon thrombin and TGF-� stimulation. The
difference in the maximum level of phospho-Smad2C in the
nucleus as a consequence of thrombin or TGF-� stimulation
correlates with and is almost certainly a direct consequence of
the increase levels of phospho-Smad2 induced by TGF-� com-
pared with thrombin in the cytosol of these cells. The differing
levels of nuclear phospho-Smad2C may have consequences
with regard to transcriptional activity and gene expression. The
reason and the potential outcomes of the different levels of
nuclear phospho-Smad2 induced by TGF-� and thrombin is
part of ongoing studies in our laboratory.
Studies have shown that in endothelial cells, TGF-� can

inhibit thrombin signaling (34) and, importantly, that throm-
bin, via PAR-1 down-regulates TGF-� signaling due to endocy-
tosis of theT�RII, using the type III receptor endoglin (35). This
is in contrast to our data but may highlight the complex inter-
play between context and cell types, specifically endothelial
cells such as those used in the above mentioned studies and the
vascular smooth muscle cells used in this study.
The existing paradigm of GPCR signaling via transactivation

invokes only PTK receptors although there seems no a priori

FIGURE 5. The respective inhibitors of ALK V and PAR-1 do not cross react
with each others receptors. TGF-� does not activate IP3 production.
a, VSMCs were incubated with myo-[3H]inositol (6.25 �Ci/ml) for 24 h in IP-
free medium. Cells were then washed and pretreated with SB431542 (SB;
0.3–3 �M) for 30 min before stimulation with thrombin (10 units/ml) for 5 min.
JNJ5177094 (JNJ; 30 mM) in the presence of thrombin (10 units/ml) was used
as a positive control. Whole cell lysates were collected, and IP3 was isolated
and measured using Dowex 1 loaded ion-exchange chromatography. Results
are the mean � S.E. of data normalized to control from three separate exper-
iments in triplicate. *, p � 0.05 versus thrombin alone using a one-way
ANOVA. b, VSMCs were treated with SB431542 (3 �M) or JNJ5177094 (30 �M)
in the presence of TGF-� (2 ng/ml). Whole cell lysates were collected at 4 h,
and proteins (50 ng/ml) were resolved by SDS-PAGE using a 10% acrylamide
gel. Proteins were transferred and probed as described in Fig. 3a. c, VSMCs
were incubated with myo-[3H]inositol (6.25 �Ci/ml) for 24 h in IP-free
medium. Cells were then washed and treated with TGF-� (2 ng/ml) for up to
30 min. A 30-min stimulation with PDGF (50 ng/ml) was used as a positive
control. Whole cell lysates were collected, and IP3 accumulation was assessed
as described in the legend to Fig. 4. Results are the mean � S.E. of data nor-
malized to control from one experiment in duplicate.
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reason why transactivation of other receptors should not be
possible. As the experiments described in this report were
evolving there was a report of the GPCR activation of a ser-
ine/threonine kinase receptor, which was offered to be the
first such demonstration of this novel transactivation path-
way (36). In that report, serotonin receptors on pulmonary
artery smooth muscle cells transactivate bone morphogenic
protein receptors to generate phospho-Smad1/-5/-8 (36).
Our data thus represent the first report of the GPCR trans-
activation of the important and ubiquitous T�RI/ALK V
receptor and the generation of phospho-Smad2C. Taken
with the earlier report (36), this provides support for this
novel extension of the current GPCR signaling paradigm to
include the activation of serine/threonine kinase receptors
of the TGF-� receptor superfamily.

There are several questions of major importance to be
answered including how wide spread is the phenomenon in
terms of GPCR ligands, what is the mechanism through which
GPCRs lead to activation of serine/threonine kinase receptors
and is downstream signaling from the serine/threonine kinase
receptor different when it is initiated by cognate ligand inter-
actionorGPCR transactivation? In the final context thephos-
phorylation cascade in the situation where a serine/threonine
kinase receptor, or a PTK for that matter, is activated by a
GPCR, the downstream signaling may be different from classi-
cal signaling to the extent that novel therapeutic targets may
emerge.
In conclusion, the current paradigm of GPCR signaling

involves the classical G protein coupled pathway, �-arrestin
scaffold signaling and transactivation of PTK receptors. The
paradigm relates to up to six GPCR ligands and three PTK
receptors although it has not been demonstrated for all possible
pairs of receptors.Our data extends the paradigm to include the
serine/threonine kinase receptor, for TGF-�, T�R and is based
on activation via the GPCRs for thrombin being PAR-1. The
pathway is described in the context of proteoglycan synthesis in
VSMCs, but its applicability most certainly is much broader.
Due to the very extensive expression of bothGPCR andT�Rs in
nature and their involvement in major and widespread pathol-
ogies, the implications of this interaction potentially are
immense. One example would be the area of cancer metastasis
in which PTKs have been targeted but with onlymodest clinical
success. PAR-1 has been targeted for diseases such as thrombo-
sis, atherosclerosis, inflammation, and cancer (37). Targeting
GPCRs now needs to take into consideration that some of the
effects may be mediated via transactivation of the T�RI and
consequently the actions of Smad transcription factors.
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