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Abstract
Chronic airway inflammation induces numerous structural changes of the airways involving hypertrophy and hyperplasia of airway smooth

muscle (ASM). Thrombin has been identified in the bronchoalveolar lavage fluid of asthmatic subjects and displays potent bronchoconstrictor

and mitogenic activity towards ASM. This study has addressed which proteinase-activated receptors (PARs) and signalling pathways are

involved in mediating distinct effects of thrombin. Using cultured bovine tracheal smooth muscle (BTSM) cells as a model system, thrombin

stimulated a marked increase in [3H]inositol phosphate ([3H]InsPs) accumulation, which was fully mimicked by a selective PAR1 activating

peptide. In contrast, PAR1, PAR2, PAR3 and PAR4 activating peptides were unable to replicate the ability of thrombin to stimulate DNA

synthesis as assessed by [3H]thymidine incorporation. Further investigation demonstrated that the mitogenic effect of thrombin did not

involve stimulation of PDGF secretion but did involve activation of PDGF or EGF receptors and a Gi/o-dependent activation of

phosphoinositide 3-kinase. Thrombin, but not the PAR1, PAR2, PAR3 or PAR4 activating peptides was able to stimulate PtdIns(3,4,5)P3

mass accumulation. PAR3 antisense oligonucleotides substantially inhibit thrombin-stimulated [3H]thymidine incorporation and

PtdIns(3,4,5)P3 generation but had no effect on thrombin-induced phosphoinositide hydrolysis. These data indicate that while PI hydrolysis

and Ca2+ mobilisation induced by thrombin operates via PAR1-dependent activation of phospholipase C, phosphoinositide 3-kinase

activation and DNA synthesis occurs via a distinct proteinase-activated receptor pathway, possibly involving PAR3.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Chronic airway inflammation results in structural changes

in the bronchial epithelium and subepithelial structures and

hyperplasia of the underlying smooth muscle layer. Such
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changes ultimately result in ‘fixed’ airway narrowing and a

loss of efficacy of bronchodilating agents [1]. Inflammation

in the airways initiates the release of various cytokines and

growth factors that result in neutrophil, eosinophil and

monocyte recruitment, altered microvasculature permeabil-

ity and both hypertrophy and hyperplasia of airways smooth

muscle [1–3]. Thrombin, a serine proteinase, becomes

activated as a component of this inflammatory response

and elicits a number of additional cellular responses includ-

ing platelet aggregation, prostaglandin production from

vascular endothelium and proliferation of both vascular

and adventitial fibroblasts and airway myocytes [2].

Thrombin and related serine proteinases mediate their

biological effects by cleaving a set of specific ‘proteinase-

activated receptors’ (PARs) to reveal a tethered ligand that

triggers receptor activation. To date, four receptor subtypes

have been identified and designated PAR1, PAR2, PAR3
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and PAR4 [4,5]. PAR1 and PAR4 are known to mediate

thrombin-induced platelet aggregation in humans whereas

PAR3 and PAR4 mediate this response in the mouse [6,7].

Thrombin is known to cleave PAR1, PAR3 and PAR4 at the

appropriate site to induce receptor activation, whereas

trypsin cleaves and activates PAR2 [4,5]. Synthetic pep-

tides corresponding to the tethered-ligand sequences of

PAR1, PAR2 and PAR4 function as specific ligands for

their respective G-protein coupled PARs [4,5]. However,

the peptide derived from PAR3 is unable to act as a

selective agonist, suggesting that other structural or recep-

tor interactions are required for PAR3 activation [7]; as a

consequence, it is not possible to induce selective activa-

tion of endogenous PAR3 using peptide ligands. Thrombin

has been previously demonstrated to be mitogenic for

bovine tracheal smooth muscle (BTSM) and involve a

PtdIns 3-kinase-dependent mechanism [8]. In addition,

thrombin induces an acute spasmogenic effect in airways

smooth muscle that is mediated through activation of

phospholipase C and subsequent Ca2+ mobilisation [9].

Other spasmogens, such as bradykinin also induce Ca2+

mobilisation but are unable to induce cellular proliferation.

Importantly, inhibition of Ca2+ mobilisation, while abol-

ishing contraction, fails to influence the mitogenic capacity

of agonists such as thrombin [9], indicating that these

processes have discrete signalling requirements. In this

study, we have sought to determine how the mitogenic and

contractile properties of thrombin on airway smooth mus-

cle are mediated. In particular, to address whether these

two effects occur as a result of activation of multiple

signalling pathways by one receptor or via activation of

two discrete PAR-subtypes.
2. Materials and methods

2.1. Bovine tracheal smooth muscle cell culture

Bovine trachea was obtained from the local abattoir and

tracheal smooth muscle cells isolated as described pre-

viously [8]. Cells were plated out and cultured in DMEM

containing penicillin/streptomycin (5 units/ml and 5 mg/

ml), amphotericin B (2.5 mg/ml) and foetal calf serum

(10%, v/v). Cells from passages 3–9 were used for all

experiments. Cells were allowed to grow to confluence and

then quiesced in DMEM containing 0.5% (v/v) foetal calf

serum for 48 h prior to experimentation. The identity of

tracheal smooth muscle cells was confirmed by immuno-

cytochemistry using an anti-bovine smooth muscle-speci-

fic a-actin monoclonal antibody.

2.2. [3H]Thymidine incorporation

Confluent BTSM cells in six well plates were made

quiescent by being washed twice in serum-free DMEM,

inhibitors and mitogens added as detailed, and cells incu-
bated for a further 24 h. [3H]Thymidine (0.1 mCi/ml) was

added for the final 4 h of the incubation. Cells were washed

(250 ml per wash) twice in PBS, twice in trichloroacetic

acid (5%, w/v), twice with ethanol and finally solubilised

with NaOH (0.3 M). [3H]Thymidine incorporation was

determined by liquid scintillation counting.

2.3. PPACK treatment of thrombin

Thrombin was treated with PPACK as detailed pre-

viously [10]. Briefly, thrombin was incubated with a 10-

fold molar excess of PPACK for 1 h at room temperature

and unbound PPACK dialysed against PBS for 24 h. Con-

trol thrombin was treated with PBS and dialysed as for

PPACK-treated thrombin. PPACK-treated thrombin was

inactive when tested for its ability to cause platelet aggre-

gation in a stirred platelet suspension at maximally effec-

tive concentrations (data not shown).

2.4. Measurement of total [3H]inositol phosphate

([3H]InsPs) accumulation

BTSM cells were grown to confluence in inositol-free

DMEM supplemented with inositol-free FCS as appropri-

ate. Cells were made quiescent for 48 h in media contain-

ing 0.5% (v/v) FCS and labelled with [3H]inositol (1 mCi

per well) for 18 h, washed twice with PBS and incubated

with LiCl (20 mM) for 20 min prior to cell stimulation.

Cells were stimulated for 30 min at 37 8C with thrombin

(1 U/ml) or PAR activating peptides (100 mM) in a reaction

volume of 1 ml and incubations terminated by removal of

pre-treatment medium and addition of TCA (0.5 M). Cell

suspensions were vortex mixed, spun for 5 min at

13,000 � g and the supernatants neutralised with a 1:1

mixture of trichlorotrifluoroethane/tri-n-octylamine. Total

[3H]InsPs were resolved by anion exchange chromatogra-

phy using mini-columns of BioRad AG-1 (200–400 mesh

in the formate form) [11].

2.5. Cell stimulation, immunoprecipitation, Western

blotting and assay of PtdIns 3-kinase activity

BTSM cells were incubated in serum-free DMEM in six

well plates, prior to addition of inhibitors and agonists as

detailed in the Figure legends. Reactions were terminated

by rapid aspiration of the media followed by two washes

with PBS and addition of 1 ml of ice-cold lysis buffer

(Hepes 50 mM, pH7.5, NaCl 150 mM, glycerol 10% (v/v),

Triton X-100 1% (v/v), MgCl2 1.5 mM, EGTA 1 mM,

leupeptin 10 mg/ml, aprotonin 10 mg/ml, PMSF 1 mM,

Na3VO4 200 mM, sodium pyrophosphate 10 mM and

NaF 100 mM). Immunoprecipitation was carried out over-

night with primary antibody (anti-p85 regulatory subunit

of PtdIns 3-kinase), followed by incubation with Protein G-

sepharose for 1 h. For Western blotting, samples were

subjected to 10% PAGE and transferred to PVDF mem-
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brane, probed with primary antibody for 1 h, and imaged

with ECL following incubation with a HRP-secondary

antibody.

PtdIns 3-kinase activity in anti-p85 (regulatory subunit of

PtdIns 3-kinase) immunoprecipitates was assayed as des-

cribed previously [12] using phosphatidylinositol/phospha-

tidylserine vesicles (3:1, v/v, 0.2 mg/ml) and [g-32P]ATP

(50 mM, 10 mCi) as substrates. [32P]-PtdIns 3-P was resol-

ved by TLC in a solvent system containing chloroform/

methanol/ammonia/water (20/14/3/5, v/v/v/v), detected by

autoradiography and 32P incorporation determined by liquid

scintillation counting.

2.6. Measurement of PtdIns(3,4,5)P3 mass

Confluent, quiescent BTSM cells were stimulated for

5 min with thrombin (1 U/ml) or PAR activating peptides

(100 mM) and lysed by the addition of TCA (10% w/v).

Lipids were extracted using acidified chloroform-methanol

and subjected to alkaline hydrolysis to cleave the polar

head group of PtdIns(3,4,5)P3 to generate Ins(1,3,4,5)P4;

the resulting Ins(1,3,4,5)P4 was measured using a

[3H]Ins(1,3,4,5)P4 radioreceptor displacement assay as

previously detailed [13]. Results were calculated from a

standard displacement curve constructed using authentic

Ins(1,3,4,5)P4 and expressed as picomole PtdIns(3,4,5)P3

per milligram protein.

2.7. PCR amplification of PAR mRNA

Total RNA was isolated by lysis of adherent cells with

Trizol reagent and extracted according to the manufacturer’s

instructions. RT-PCR amplifications were carried out fol-

lowing DNase treatment of RNA using a one step RT-PCR

system (Life Technologies), utilising primers specific for

PAR3 and b-actin. Primer sequences were PAR3: 50-
CCTGCCATCTATATCCTGCTGTTT-30 and 50-TGGAAT-

TAAGAATCCAAAGAATGCCAA-30, and b-actin: 50-
CCACCAACTGGGACGACATG-30 and 50-GTCTCAAA-

CATGATCTGGGTCATC-30. Amplified products were

visualised using an UV transilluminator. DNA sequencing

of the resulting PCR product was carried out by Genetix

Limited (New Milton, UK).

2.8. PAR3 antisense oligonucleotide incorporation

BTSM cells were grown in DMEM as before to approxi-

mately 60% confluency. Following replacement of media

with fresh DMEM, antisense and sense oligonucleotides

(5 mM) were transfected into BTSM cells using Lipofec-

tamine Plus (1.8 mg/ml, Life Technologies) as a transfec-

tion reagent [14]. After 20 h, the transfection media was

removed and replaced with normal supplemented DMEM

for a further 24 h after which cells were quiesced and DNA

synthesis assessed by [3H]thymidine incorporation as

detailed above. The antisense oligonucleotides sequence
used was 50-gcCCAGCCATATCCGATCCtt-30 and control

sense oligonucleotide was 50-aaGGATCGGATATGGCT-

GGgc-30; each oligonucleotide contained two phos-

phorthioate-backbone nucleotides at either end of each

sequence [15].

2.9. Materials

PAR1-derived peptide (Ser-Phe-Leu-Leu-Arg-Asn),

PAR2-derived peptide (Ser-Leu-Ile-Gly-Arg-Leu), PAR3-

derived peptide (Thr-Phe-Arg-Gly-Ala-Pro) and PAR4-

derived peptide (Gly-Tyr-Pro-Gly-Lys-Phe) were purchased

from Bachem (UK) Ltd. (St. Helens, UK). [g-32P]-ATP,

[3H]thymidine and [3H]inositol were purchased from Amer-

sham International (Amersham, Bucks) and [3H]inositol

1,3,4,5-tetrakisphosphate from NEN Life Science Products

(Boston, MA). Antibodies to the p85 regulatory subunit of

PtdIns 3-kinase were purchased from TCS Biologicals

(Claydon Botolph, UK); secondary antibodies were

obtained from SAPU (Carluke, Scotland); smooth muscle

a-actin antibody was purchased from DAKO Cytomation

(Cambridge, UK), PAR3 (H-103) antibody was purchased

from Santa Cruz Biotechnology Inc. (California, USA).

Trizol reagent, Lipofectamine Plus and One-Step RT-PCR

System were purchased from Life Technologies (Paisley,

Scotland) and primers and antisense oligonucleotides were

synthesised by MWG Biotech (UK) Ltd. (Milton Keynes,

UK). All other reagents were of the highest commercial

purity available.

2.10. Statistical analysis

Statistical analysis was carried out using the one-way

ANOVA test with a Newman–Keuls Multiple Comparison

post-test analysis, with statistical significance being

achieved when p < 0.05.
3. Results

3.1. Thrombin-induced DNA synthesis in BTSM cells

In primary cultures of BTSM cells, mitogen-induced

DNA synthesis was measured using [3H]thymidine incor-

poration. Fig. 1A shows that at maximal concentrations,

PDGF-BB (20 ng/ml) induced a 29.5 � 1.7-fold increase

in [3H]thymidine incorporation whereas thrombin (1 U/ml)

induced a 15.7 � 0.9-fold increase. Thrombin has been

shown to induce expression and secretion of PDGF from

airway epithelial cells, leading to lung fibroblast and

smooth muscle proliferation [16]. To examine whether

thrombin acts to cause PDGF secretion and allowing it

to act in an autocrine manner, BTSM cells were pre-

incubated with a PDGF receptor-blocking antibody prior

to addition of mitogens. PDGF-BB-induced [3H]thymidine

incorporation was inhibited by 94.7 � 0.1% by this anti-
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Fig. 1. (A) Effect of PDGF-receptor inhibition on DNA synthesis. BTSM

cells were incubated with PDGF-receptor blocking antibodies for 1 h prior

to addition of PDGF-BB (20 ng/m) or thrombin (1 U/ml) as indicated.

[3H]thymidine incorporation was assessed after 24 h and results are

expressed as mean � S.E.M. from three experiments each performed in

triplicate. (B) Effect of PPACK on thrombin-induced DNA synthesis.

Thrombin (1 U/ml) was pre-treated with PPACK as detailed in Section 2

and BTSM cells were stimulated as indicated. Results are expressed as

mean � S.E.M. from three experiments each performed in quadruplicate.

Fig. 2. Transactivation of growth factor receptors by thrombin in BTSM

cells. BTSM cells were pre-treated with AG1296 (selective PDGF receptor

tyrosine kinase inhibitor, 10 mM), AG17 (selective PDGF receptor tyrosine

kinase inhibitor, 1 mM) or AG1478 (selective EGF receptor tyrosine kinase

inhibitor, 100 nM) for 20 min prior to addition of thrombin (1 U/ml).

[3H]Thymidine incorporation was assessed after 24 h and results are

expressed as mean % of thrombin-induced DNA synthesis �S.E.M. from

four experiments each performed in triplicate.

Fig. 3. Role for PARs in activating BTSM cells. Quiescent BTSM cells

were exposed to thrombin (0.1–3 U/ml), and PAR1, PAR2, PAR3 and PAR4

activating peptides (1–500 mM) as indicated for 24 h and [3H]thymidine

incorporation assessed. Results are expressed as mean � S.E.M. of incor-

poration from three experiments performed in triplicate.
body (Fig. 1A). In contrast, thrombin-induced DNA synth-

esis was unaffected by this receptor-blocking antibody

(Fig. 1A), indicating that the effect of thrombin is not

mediated by the autocrine actions of PDGF. Importantly,

PPACK-treated thrombin, which was catalytically inactive,

was unable to induce [3H]thymidine incorporation con-

firming that proteolytic activity of thrombin is required to

mediate this response (Fig. 1B).

To determine whether thrombin could act to transacti-

vate growth factor receptors, BTSM cells were treated with

AG1296 (selective inhibitor of PDGF receptor kinase, IC50

1 mM), AG17 (selective inhibitor of PDGF receptor kinase,

IC50 500 nM) or AG1478 (selective inhibitor of EGF

receptor kinase, IC50 3 nM) prior to addition of thrombin.

Fig. 2 shows that each of these compounds inhibited

significantly thrombin-induced DNA synthesis to

11.5 � 0.8, 18.0 � 5.8 and 5.6 � 3.3%, respectively, of

thrombin control levels. This would indicate that thrombin

may act through a transactivation mechanism to activate

growth factor receptors, which may in turn mediate either

Ca2+ mobilisation or DNA synthesis in airway smooth

muscle.

Thrombin induced a concentration-dependent increase

in DNA synthesis (EC50 0.32 U/ml) (Fig. 3). However,

synthetic peptides derived from PARs, which act as selec-
tive agonists (with the exception of the PAR3-derived

peptide), had no effect on [3H]thymidine incorporation

in BTSM cells (Fig. 3). Pre-treatment of BTSM cells with

the selective PAR-activating peptides for 10 min also had

no effect on thrombin-induced DNA synthesis (data not

shown) suggesting that these peptides do not act as antago-

nists at these receptors.

3.2. Thrombin activates phospholipase C

and PtdIns 3-kinase

It has been previously demonstrated that thrombin-

induced Ca2+ mobilisation in human airway smooth mus-

cle cells was mediated by the activation of phospholipase C

activation and the generation of inositol 1,4,5-trispho-

sphate [9]. In agreement, this study found that thrombin

induced an increase in [3H]InsP accumulation in BTSM

cells by 3.4 � 0.1-fold (Fig. 4A). Interestingly, the PAR1-

activating peptide (100 mM), shown above to be unable to

stimulate [3H]thymidine incorporation, induced a similar
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Fig. 4. (A) Activation of phospholipase C in BTSM cells. BTSM cells were

pre-labelled with [3H]inositol and stimulated with agonists (thrombin 1 U/

ml, PPACK-treated thrombin 1 U/ml, PAR1-AP 100 mM, PAR2-AP

100 mM, PAR3-AP 100 mM, PAR4-AP 500 mM) in the presence of LiCl

(20 mM) for 30 min as indicated; cells were then lysed and [3H]InsPs

extracted and analysed as detailed in Section 2. Results are expressed as

mean dpm � S.E.M. from three independent experiments each performed in

triplicate. (B) Effect of thrombin and PAR-activating peptides on

PtdIns(3,4,5)P3 mass. BTSM cells were stimulated with agonists (thrombin

1 U/ml, PPACK-treated thrombin 1 U/ml, PAR1-AP 100 mM, PAR2-AP

100 mM, PAR3-AP 100 mM, PAR4-AP 500 mM) for 5 min as indicated,

phosphoinositide lipids were extracted following cell lysis and mass

PtdIns(3,4,5)P3 measured using a [3H]Ins(1,3,4,5)P4 radioreceptor displa-

cement assay. Results are expressed as mean � S.D. from two separate

experiments performed in duplicate.

Fig. 5. (A) Effect of pertussis toxin on thrombin-induced PtdIns 3-kinase

activity. BTSM cells were pre-treated with pertussis toxin (100 ng/ml, 18 h)

or wortmannin (100 nM, 20 min) followed by activation with thrombin

(1 U/ml) for 10 min. Cells were lysed, PtdIns 3-kinase immunoprecipitated

with a specific p85 antibody and enzyme activity assayed using phosphoi-

nositide vesicles as substrate. Results are expressed as mean fold increase

over basal �S.E.M. of thrombin-treated cells, from three independent

experiments each performed in triplicate. (B) Effect of pertussis toxin on

thrombin-induced proliferation. [3H]Thymidine incorporation was assessed

in quiescent BTSM cells following pretreatment of cells with pertussis toxin

(100 ng/ml, 18 h) or wortmannin (100 nM, 20 min) followed by exposure to

vehicle (PBS) or thrombin (1 U/ml) for 24 h, as indicated. Results are

expressed as mean fold increase over basal �S.E.M. of incorporation from

four experiments performed in triplicate.
increase in [3H]InsP accumulation to 3.9 � 0.4-fold above

control values (Fig. 4A). However, neither the PAR2

(100 mM), PAR3 (100 mM) or PAR4-activating peptides

(500 mM) had any significant effect on [3H]InsP generation

(Fig. 4A). These data suggest that thrombin-induced air-

way smooth muscle contraction is mediated at least in part

by PAR1.

PAR-activating peptides were used to investigate a poten-

tial role for PAR1 in mediating not only phospholipase C

activation by thrombin but also activation of PtdIns 3-kinase.

Measurement of mass PtdIns(3,4,5)P3, the product of PtdIns

3-kinase, showed that thrombin (1 U/ml, 5 min) increased

PtdIns(3,4,5)P3 levels from 10.6 � 0.6 pmol/mg protein to

34.0 � 8.0 pmol/mg protein (Fig. 4B). Thrombin inacti-
vated by PPACK treatment, was unable induce any increase

in PtdIns(3,4,5)P3 levels demonstrating that activation of

PtdIns 3-kinase occurs through a proteinase-activated

mechanism (Fig. 4B). Furthermore, no increase in

PtdIns(3,4,5)P3 was observed with any of the PAR-derived

activating peptides, suggesting that thrombin couples to

PtdIns 3-kinase via a receptor other than PAR1, which is

responsible for the action of thrombin on phospholipase C. It

is important to note that the PAR3-derived peptide, unlike

the PAR1, PAR2 and PAR4 peptides, has no agonistic

activity at PAR3 and hence this receptor cannot be ruled

out as a potential candidate for mediating the mitogenic

effects of thrombin.

3.3. Pertussis toxin inhibits mediates thrombin-

induced DNA synthesis and PtdIns 3-kinase activity

Thrombin (1 U/ml) induced a 4.5 � 0.4-fold increase in

PtdIns 3-kinase activity in p85a-immunoprecipitates

(Fig. 5A), which was abolished by the PtdIns 3-kinase

inhibitor wortmannin (100 nM) (Fig. 5A). Pre-treatment of
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Fig. 6. (A) Expression of PARs in BTSM cells. Following RT-PCR,

amplified products were separated by electrophoresis on 1.2% (w/v) agarose

gels, molecular weight markers (M), b-actin control, and PAR3 (531 bp).

(B) Effect of antisense oligonucleotides on PAR3 expression. Subconfluent

BTSM cells were transfected with antisense and control sense oligonucleo-

tides as detailed in Section 2, 1: untreated controls, 2: sense-transfected, 3:

antisense-transfected. Whole cell lysates were subjected to PAGE and

western blotting with a PAR3 (H-103) antibody (1:250), molecular weight

markers and PAR3 are indicated with arrows, this is a representative blot

from four experiments with similar results. (C) Effect of PAR3 antisense

oligonucleotides on thrombin-induced DNA synthesis. Transfected BTSM

cells were quiesced and [3H]thymidine incorporation assessed following

stimulation with thrombin (1 U/ml) for 24 h. Results are expressed as

mean � S.E.M. of fold increase in incorporation above basal from three

experiments each performed in triplicate. *p < 0.05 compared to untrans-

fected and sense-transfected cells.
BTSM cells with pertussis toxin (100 ng/ml, 18 h), known

to catalyse ADP-ribosylation and inhibition of Gi/o,

resulted in inhibition of PtdIns 3-kinase activity induced

by thrombin by 79.2 � 4.5% indicating that Gi/o is the

predominant G protein involved in mediating this response

(Fig. 5A). Pertussis toxin (100 ng/ml, 18 h) also caused a

similar degree of inhibition of thrombin-stimulated DNA

synthesis (69.0 � 4.5%) (Fig. 5B). The key role of PtdIns

3-kinase in mediating DNA synthesis in BTSM cells was

confirmed by demonstrating that thrombin-stimulated

[3H]thymidine incorporation was inhibited completely

by wortmannin (100 nM) to control levels (Fig. 5B). These

data demonstrate the requirement for PtdIns 3-kinase

activation in DNA synthesis in BTSM cells and that the

ability of thrombin to cause activation of this signalling

pathway through a pertussis toxin-sensitive G protein.

3.4. PAR3 antisense oligonucleotides inhibit thrombin-

induced responses

Total mRNA was extracted from BTSM cells and, in RT-

PCR reactions using receptor subtype-specific primers

derived from murine PAR3 to generate a predicted ampli-

con of 531 base pairs, we obtained a product for PAR3 of

the predicted size (Fig. 6A). DNA sequencing and a

BLAST database search showed that this RT-PCR product

showed marked homology to human PAR3 (89%), mouse

PAR3 (81%) and rat PAR3 (80%) indicating that the

product is most likely the bovine form of PAR3 and is

not due to contamination with human DNA or is an

unrelated non-PCR product. To address a potential role

for PAR3 in mediating thrombin-induced DNA synthesis

antisense oligonucleotides to PAR3 were introduced into

cells using Lipofectamine as a transfection agent. As no

bovine PARs have thus far been completely sequenced,

antisense oligonucleotides to PAR3 were designed based

upon a region of homology in the human and mouse PAR3

sequences and distinct from PAR1 and PAR4. Transfection

efficiency, as assessed by expression of fluorescein-tagged

oligonucleotides, was 69.5 � 3.5% (data not shown).

Expression of PAR3 in BTSM cells was reduced in part

following transfection of PAR3 antisense oligonucleotides

as determined by Western blotting using a PAR3 antibody

(Fig. 6B). In antisense-transfected BTSM cells, thrombin-

induced [3H]thymidine incorporation was inhibited by

61.0 � 0.2% (Fig. 6C). A complimentary sense oligonu-

cleotide had no effect on thrombin-induced DNA synthesis

(94.8 � 22.1% of control values). Furthermore, PDGF-

induced DNA synthesis was not altered in cells transfected

with the PAR3 oligonucleotides (128 � 9.4% of PDGF-

stimulated untransfected controls, n = 3, p > 0.05 com-

pared to controls).

In confirmation of the key regulatory role of PtdIns 3-

kinase in mediating DNA synthesis in airway smooth mus-

cle, PAR3 antisense oligonucleotides significantly inhibited

thrombin-induced PtdIns(3,4,5)P3 levels from
37.6 � 0.1 pmol/mg protein to 18.8 � 8.7 pmol/mg protein

( p < 0.05) but had no significant effect on PDGF-induced

increases in PtdIns(3,4,5)P3 mass (Fig. 7A), demonstrating

that PAR3 appears to couple to PtdIns 3-kinase in BTSM

cells and this receptor mediates DNA synthesis. In contrast,

PAR3 antisense oligonucleotides had no significant effect on

[3H]InsPs accumulation induced by thrombin (1 U/ml) or

PAR1-AP (100 mM) (Fig. 7B) suggesting that this response
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Fig. 7. (A) Effect of PAR3 antisense oligonucleotides on thrombin-induced

PtdIns(3,4,5)P3 mass. BTSM cells were transfected as detailed for Fig. 6B

and mass PtdIns(3,4,5)P3 measured as outlined in Section 2. Results are

expressed as mean � S.D. from two separate experiments performed in

duplicate. (B) Effect of PAR3 antisense oligonucleotides on thrombin-

induced phospholipase C activation. BTSM cells were transfected as

detailed for Fig. 6B and [3H]InsPs measured as outlined in Section 2.

Results are expressed as mean dpm � S.E.M. from two independent

experiments each performed in triplicate.
is not mediated through PAR3 but that phospholipase C is

activated solely through PAR1 in airway smooth muscle.

These data also demonstrate that the PAR3 antisense oli-

gonucleotides are not acting in a non-specific manner to

ameliorate responses via other proteinase-activated recep-

tors.
4. Discussion

The serine proteinase thrombin is well-recognised for its

ability to activate platelets at sites of vascular injury.

However, thrombin is also generated at sites of inflamma-

tion and appears to be capable of inducing smooth muscle

contraction and other pro-inflammatory and tissue remo-

delling events. For example, thrombin activation has been

demonstrated to induce cellular proliferation in both vas-

cular and airways smooth muscle, and these responses are

thought to be vital components in the formation of athero-

sclerotic plaques and airway remodelling [2]. Thrombin

was first shown to activate its receptor by proteolytic

cleavage of an amino terminal exodomain to generate a

new N-terminus capable of interacting with and activating

the thrombin receptor (PAR1) [17]. Subsequent research has

identified three other receptors activated by a similar

mechanism termed PAR2, PAR3 and PAR4 [6]. Activating

peptides based upon the newly exposed N-terminus of three

of these receptors have now been synthesised and estab-

lished as selective agonists for their respective receptors [7].
This has yielded biologically active ligands for PAR1, PAR2

and PAR4, however, the PAR3-derived peptide (Thr-Phe-

Arg-Gly-Ala-Pro) appears unable to activate its receptor,

suggesting that additional structural interactions, which are

achieved by thrombin but not the peptide alone, are required

to induce PAR3 activation [7]. Thrombin has been shown to

activate PAR1, PAR3 and PAR4 however, aside from the

ability of these receptors to regulate platelet function

(depending upon species), distinct functional responses have

not yet been assigned to each of these receptor subtypes.

Furthermore, it has been suggested that these G protein-

coupled receptors may represent key pharmacological tar-

gets as they appear to be involved in mediating a range of

cellular responses involved in the progression of lung dis-

ease [18].

In airways smooth muscle, thrombin has been demon-

strated to activate phospholipase C, mobilise Ca2+, gen-

erate force in bronchial rings and induce DNA synthesis in

cultured airway smooth muscle cells [3,8,9,19]. In agree-

ment with previous reports, we have demonstrated that

thrombin is mitogenic for primary cultures of BTSM cells,

albeit with a lower efficacy than PDGF-BB (Fig. 1) [8]. It is

important to note that PDGF receptor-blocking antibodies

were ineffectual in blocking thrombin-induced DNA

synthesis, thus it is unlikely that PDGF is secreted from

BTSM cells in response to thrombin and thereby involved

in an autocrine induction of mitogenesis. The ability of

PPACK to inhibit thrombin-induced DNA synthesis com-

pletely demonstrates that the proteolytic activity of throm-

bin is an essential requirement for its mitogenic potential

and for the activation of a signalling pathway most likely

involves a proteinase-activated receptor. These observa-

tions are in contrast to the effect of thrombin on human

airway smooth muscle where PAR-independent growth

and GM-CSF production have been reported [10].

Activation of RTKs involves tyrosine phosphorylation of

key residues, which interact with and activate downstream

signalling enzymes and adaptor proteins [20]. As DNA

synthesis induced by thrombin was blocked by selective

inhibitors of both PDGF receptor kinases (AG1296 and

AG17) and EGF receptor kinases (AG1478) in airway

smooth muscle [21], implicating a mechanism of growth

factor receptor transactivation by thrombin. We were unable

to observe any tyrosine phosphorylation of either PDGF or

EGF receptors by immunoprecipitation (data not shown) but

this may be limited by the sensitivity of this method.

However, there is the potential for this mechanism of

activation, downstream of a PAR, to link these G protein-

coupled receptors to signalling intermediates such as PtdIns

3-kinase and Ras via growth factor activation to mediate

cellular responses, such as growth and survival.

Other ASM spasmogens, such as bradykinin although

able to activate phospholipase C and mobilise Ca2+ have no

mitogenic potential [9]. Our observations suggest that the

ability of thrombin to act as a mitogen and activate

phospholipase C occurs via either multiple receptors or
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through a single receptor coupled to multiple signalling

pathways. In this study, we have shown that the ability of

thrombin to stimulate [3H]InsP accumulation in BTSM

cells is mimicked by the PAR1 (but not PAR2, PAR3 or

PAR4) synthetic ligand suggesting that PAR1 mediates the

Ca2+ mobilising effects of thrombin in ASM. In addition,

the PAR1-activating peptide was unable to induce

PtdIns(3,4,5)P3 generation or DNA synthesis indicating

dissociation between phospholipase C activation and DNA

synthesis following PAR1 ligation. Vouret-Craviari et al.

[22] found that PAR-activating peptides were degraded

over a few hours which explained their lack of effect to

induce mitogenesis or induce MAPK activation in contrast

to thrombin. Our previous report [8] showed that treatment

of BTSM cells with thrombin for as short a time as 5 min

was sufficient to induce a full mitogenic response and

would anticipate that PAR-activating peptides would still

be intact at these early time points. None of the peptides

corresponding to any of the PARs were able to induce DNA

synthesis nor did they induce PtdIns(3,4,5)P3 accumulation

however, the peptide corresponding to the activation

sequence of PAR3 is known not to act as an agonist and

this receptor may be a possible candidate to mediate this

response.

Activation of PtdIns 3-kinase is a key signalling pathway

in the induction of DNA synthesis in BTSM cells, its

product PtdIns(3,4,5)P3 is rapidly formed following expo-

sure to a mitogen, such as thrombin and treatment of cells

with wortmannin inhibits PtdIns 3-kinase activity and

DNA synthesis. Furthermore, PPACK-treated thrombin

does not cause PtdIns(3,4,5)P3 generation confirming that

retention of proteolytic activity is required for PtdIns 3-

kinase activation, consistent with our observations for

thrombin-induced DNA synthesis. It would therefore seem

likely that thrombin acts on a PAR distinct from PAR1 to

activate PtdIns 3-kinase and mediate its mitogenic effects.

All PARs so far identified have the classic heptahelical

structure of GPCRs and are coupled to one, or in the case of

PAR1, multiple G proteins [5,23,24]. Pertussis toxin treat-

ment of BTSM cells, which causes ADP-ribosylation and

inactivation of Gi/o, partially inhibited thrombin-induced

DNA synthesis indicating the involvement of a pertussis

toxin-sensitive G protein in mediating this response. This is

in agreement with Panettieri et al. [9] who showed that

human airway smooth muscle cells exhibited a similar

sensitivity of thrombin-induced cell growth to pertussis

toxin. They also demonstrated that inositol phosphate

generation as a consequence of phospholipase C activation

was insensitive to pertussis toxin suggesting dissociation

between these two responses in human ASM.

The ability of wortmannin to inhibit thrombin-induced

[3H]thymidine incorporation demonstrated a key role for

PtdIns 3-kinase in initiating cellular proliferation. Our

experiments showed that thrombin-stimulated activation

of PtdIns 3-kinase within p85 immunoprecipitates thus

indicating the involvement of a class 1A PtdIns 3-kinase.
Moreover, our previous study showed that both PDGF-BB

and thrombin activate the same class 1A PtdIns 3-kinase to

mediate DNA synthesis in BTSM cells [8] has been

corroborated by Krymskaya et al. [25] using a transfection

approach in human ASM. The sensitivity of thrombin-

induced PtdIns 3-kinase activity to inhibition by pertussis

toxin is similar to that of DNA synthesis and in conjunction

with the ability of wortmannin to inhibit both responses

suggests a mechanism of activation whereby a pertussis

toxin-sensitive G protein is activated by thrombin presum-

ably through a PAR and couples to PtdIns 3-kinase to

initiate DNA synthesis.

Our results support the premise that the distinct physio-

logical effects of thrombin in BTSM cells may be mediated

by different PARs. In human platelets, thrombin acts on

both PAR1 and PAR4 to cause activation, showing that

thrombin can act on multiple PARs in a single cell type [6].

Moreover, it has been demonstrated that in mouse platelets

PAR3 is unable to mediate transmembrane signalling

directly but functions as a cofactor for the cleavage and

activation of PAR4 by thrombin [26]. This ability of

receptors to heterodimerise upon activation may also in

part explain the ability of thrombin to cause transactivation

of growth factor receptors as seen in BTSM cells. More

recently, Bretschneider et al. [27] have shown that in

isolated human vascular smooth muscle cells, thrombin

and PAR3-AP were able to induce a transient mobilisation

of Ca2+, activation of ERK1/2 and DNA synthesis impli-

cating a role for PAR3, at least in part, in mediating

thrombin-induced responses. Our data suggest that throm-

bin-induced DNA synthesis in BTSM cells was mediated

through a receptor which required to be acted on by

catalytically-active thrombin and that this receptor was

distinct from PAR1. Our results obtained with the selective

PAR ligands and the observation that thrombin activates

only PAR1, PAR3 and PAR4 [4] suggested that PAR3 may

be a likely candidate. Support for this proposal was

obtained using antisense oligonucleotides to PAR3 which

were found to reduce expression of PAR3 protein, and to

significantly inhibit thrombin-induced DNA synthesis

while having no effect on PDGF-BB-induced responses.

Furthermore, PtdIns(3,4,5)P3 generation by thrombin was

significantly inhibited by PAR3 antisense confirming the

critical role of PtdIns 3-kinase in mediating DNA synthesis

and that it appears to be regulated by stimulation of PAR3.

Importantly, both PAR1-AP and thrombin-induced

[3H]InsP accumulation was unaffected by PAR3 antisense

oligonucleotides confirming that this response, which leads

to Ca2+ mobilisation and smooth muscle contraction is

mediated by a distinct receptor, namely PAR1, thereby

indicating that thrombin can act on multiple PARs in BTSM

cells to mediate distinct responses. These results must be

carefully interpreted as the antisense oligonucleotides were

designed against a region of consensus sequence between

human and mouse PAR3, as no bovine receptor has thus far

been fully sequenced. These results do, however, indicate a



T.R. Walker et al. / Biochemical Pharmacology 70 (2005) 959–967 967
mechanism involving PAR3 in mediating the mitogenic

effects of thrombin in airway smooth muscle.

This study has provided evidence that thrombin acts on

distinct receptors resulting in activation of disparate signal-

ling pathways in BTSM cells: inducing phosphoinositide

hydrolysis, leading to Ca2+ mobilisation and contraction,

through activation of PAR1 and induction of DNA synthesis

through activation of a distinct PAR, which appears to be

PAR3, and mediated by PtdIns 3-kinase. Thrombin-induced

DNA synthesis involves PDGF/EGF receptor transactiva-

tion, which may occur through a heterodimerisation

mechanism, and involves a predominantly Gi/o-dependent

activation of a class 1A PtdIns 3-kinase. The precise

mechanism and involvement of growth factor receptors in

thrombin signalling awaits further investigation.
Acknowledgements

This work was funded by Asthma UK and The Well-

come Trust.
References

[1] Knox AJ. Airway re-modelling in asthma: role of airway smooth

muscle. Clin Sci 1994;86:647–52.

[2] Goldsack NR, Chambers RC, Dabbagh K, Laurent GJ. Thrombin. Int J

Biochem Cell Biol 1998;30:641–6.

[3] Hirst SJ, Walker TR, Chilvers ER. Phenotypic diversity and molecular

mechanisms of airway smooth muscle proliferation in asthma. Eur

Respir J 2000;16:159–77.

[4] Coughlin SR. How the protease thrombin talks to cells. Proc Natl Acad

Sci USA 1999;96:11023–7.

[5] Macfarlane SR, Seatter MJ, Kanke T, Hunter GD, Plevin R. Protei-

nase-activated receptors. Pharmacol Rev 2001;53:245–82.

[6] Kahn ML, Zheng Y-W, Huang W, Bigornia V, Zeng D, Moff S, et al. A

dual thrombin receptor system for platelet activation. Nature 1998;

394:690–4.

[7] Ishihara H, Connolly AJ, Zeng D, Kahn ML, Zheng YW, Timmons C,

et al. Protease-activated receptor 3 is a second thrombin receptor in

humans. Nature 1997;386:502–6.

[8] Walker TR, Moore SM, Lawson MF, Panettieri Jr RA, Chilvers ER.

Platelet-derived growth factor-BB and thrombin activate phosphoino-

sitide 3-kinase and protein kinase B: role in mediating airway smooth

muscle proliferation. Mol Pharmacol 1998;54:1007–15.

[9] Panettieri Jr RA, Hall IP, Maki CS, Murray RK. Alpha-thrombin

increases cytosolic calcium and induces human airway smooth muscle

cell proliferation. Am J Respir Cell Mol Biol 1995;13:205–16.

[10] Tran T, Stewart AG. Protease-activated receptor (PAR)-independent

growth and pro-inflammatory actions of thrombin on human cultured

airway smooth muscle. Br J Pharmacol 2003;138:865–75.
[11] Chilvers ER, Barnes PJ, Nahorski SR. Characterization of agonist-

stimulated incorporation of myo-[3H]inositol into inositol phospholi-

pids and [3H]inositol phosphate formation in tracheal smooth muscle.

Biochem J 1993;262:739–46.

[12] Carter AN, Downes CP. Signaling by neurotrophic factors: activation

of phosphoinositide 3-kinase by nerve growth factor. Neuroprotocols

1993;3:107–18.

[13] Van der Kaay J, Batty IH, Cross DAE. Watt PW, Downes CP. A novel,

rapid, and highly sensitive mass assay for phosphatidylinositol 3,4,5-

trisphosphate (PtdIns(3,4,5)P3) and its application to measure insulin-

stimulated PtdIns(3,4,5)P3 production in rat skeletal muscle in vivo. J

Biol Chem 1997;272:5477–81.

[14] Kita K, Saito S, Morioka CY, Watanabe A. Growth inhibition of

human pancreatic cancer cell lines by anti-sense oligonucleotides

specific to mutated K-ras genes. Int J Cancer 2003;80:553–8.

[15] Giles RV, Spiller DG, Green JA, Clark RE, Tidd DM. Optimization of

antisense oligodeoxynucleotide structure for targeting bcr-abl mRNA.

Blood 1995;86:744–54.

[16] Shimizu S, Gabazza EC, Hayashi T, Ido M, Adachi Y, Suzuki K.

Thrombin stimulates the expression of PDGF in lung epithelial

cells. Am J Physiol Lung Cell Mol Physiol 2000;279:L503–10.

[17] Vu TK, Hung DT, Wheaton VI, Coughlin SR. Molecular cloning of a

functional thrombin receptor reveals a novel proteolytic mechanism of

receptor activation. Cell 1991;64:1057–68.

[18] Moffatt JD, Page CP, Laurent GJ. Shooting for PARs in lung diseases.

Curr Opin Pharmacol 2004;4:221–9.

[19] Hauck RW, Schulz C, Schomig A, Hoffman R, Panettieri Jr RA.

Alpha-thrombin stimulates contraction of human bronchial rings by

activation of protease-activated receptors. Am J Physiol 1998;

277:L22–9.

[20] Daub H, Wallasch C, Lankenau A, Herrlich A, Ullrich A. Signal

characteristics of G protein-transactivated EGF receptor. EMBO J

1997;16:7032–44.

[21] Conway A, Pyne NJ, Pyne S. Ceramide-dependent regulation of p42/

p44 mitogen-activated protein kinase and c-Jun N-terminal-directed

protein kinase in cultured airway smooth muscle cells. Cell Signal

2000;12:737–43.

[22] Vouret-Craviari V, Van Obberghen-Schilling E, Scimeca JC, Van

Obberghen E, Pouyssegur J. Differential activation of p44MAPK

(ERK1) by alpha-thrombin and thrombin-receptor peptide agonist.

Biochem J 1993;289:209–14.

[23] Hollenberg MD. Protease-activated receptors: PAR4 and counting:

how long is the course? TiPS 1999;20:271–3.

[24] Cocks TM, Moffatt JD. Protease-activated receptors: sentries for

inflammation? TiPS 1999;21:103–8.

[25] Krymskaya VP, Ammit AJ, Hoffman RK, Eszterhas AJ, Panettieri Jr

RA. Activation of class IA PI3K stimulates DNA synthesis in human

airway smooth muscle cells. Am J Physiol Cell Mol Physiol 2001;

280:L1009–18.

[26] Nakanishi-Matsui M, Zheng Y-W, Sulciner DJ, Weiss EJ, Ludeman M,

Coughlin S. PAR3 is a cofactor for PAR4 activation by thrombin.

Nature 2000;404:609–13.

[27] Bretschneider E, Spanbroek R, Lotzer K, Habenicht AJ, Schror K.

Evidence for functionally active protease-activated receptor-3 (PAR-

3) in human vascular smooth muscle cells. Thromb Haemost 2003;

90:704–9.


	Thrombin induces DNA synthesis and phosphoinositide hydrolysis in airway smooth muscle by activation of distinct receptors
	Introduction
	Materials and methods
	Bovine tracheal smooth muscle cell culture
	[3H]Thymidine incorporation
	PPACK treatment of thrombin
	Measurement of total [3H]inositol phosphate ([3H]InsPs) accumulation
	Cell stimulation, immunoprecipitation, Western blotting and assay of PtdIns 3-kinase activity
	Measurement of PtdIns(3,4,5)P3 mass
	PCR amplification of PAR mRNA
	PAR3 antisense oligonucleotide incorporation
	Materials
	Statistical analysis

	Results
	Thrombin-induced DNA synthesis in BTSM cells
	Thrombin activates phospholipase C �and PtdIns 3-kinase
	Pertussis toxin inhibits mediates thrombin-induced DNA synthesis and PtdIns 3-kinase activity
	PAR3 antisense oligonucleotides inhibit thrombin-induced responses

	Discussion
	Acknowledgements
	References


