
PROTEASE ACTIVATED RECEPTORS: 

AN EMERGING FAMILY OF G�PROTEIN 

COUPLED RECEPTORS

Classically, cell surface receptors are activated by lig�

and binding. This interaction induces a conformational

change in the receptor that results in a signal being trans�

mitted across the cell membrane. The activation is

reversible in that the ligand can dissociate from its recep�

tor. Seven transmembrane domain G�protein coupled

receptors (GPCR) are perhaps the most important and

well�characterized type of receptor, providing the basis

for numerous pharmacological interventions. In recent

years, it has become clear that GPCRs mediate the

actions of almost all types of chemical messengers from

small transmitters (catecholamines, histamine, acetyl�

choline, etc.), lipid messengers (prostaglandins,

leukotrienes, platelet activating factor, etc.), neuropep�

tides (opiates, neuropeptide Y, tachykinins, etc.), peptide

hormones (glucagon, angiotensin, calcitonin, etc.), to

large glycoproteins (thyroid�stimulating hormone,

luteinizing hormone, etc.).

Within this family of GPCRs, a different and unique

mechanism of activation was discovered with the cloning

of the thrombin receptor [1]. This novel receptor was

termed protease�activated receptor�1 (PAR�1). PAR�1 is

activated by proteolytic cleavage at a specific site within

the extracellular amino�terminal domain, exposing a new

amino terminus, which is then thought to interact with a

distal region of the receptor, leading to receptor activa�

tion. The discovery of this receptor has provided a frame�

work for understanding how thrombin communicates

with cells and provides a new pharmacological target for

controlling thrombin’s cellular actions. This unusual

receptor exemplifies an emerging family of GPCRs that

are activated by proteolysis. Given that proteases are very

common enzymes in organisms, the catalytic activation

of these receptors would seem to be an efficient means to

regulate cellular responses. Indeed, many protease�acti�

vation mechanisms have been identified in biology, sug�

gesting an important role for protease activated receptors.

PAR�1. PAR�1 exhibits an extended amino terminus

containing both a putative thrombin cleavage site

(LDPR41/S42) and a hirudin�like domain (K52YEPF)

complementary to thrombin’s anion binding exosite [2].

Thrombin binds to PAR�1 with increased affinity through

this latter site and subsequently cleaves the extended

amino terminus. This mechanism of receptor activation is

supported by studies utilizing synthetic peptides repre�

senting this new amino terminus: SFLLRN for human

PAR�1, SFFLRN for hamster and rat PAR�1. Agonist

peptides can directly activate recombinant as well as

Biochemistry (Moscow), Vol. 67, No. 1, 2002, pp. 56�64. Translated from Biokhimiya, Vol. 67, No. 1, 2002, pp. 66�76.

Original Russian Text Copyright © 2002 by Derian, Damiano, D’Andrea, Andrade�Gordon.

REVIEW

0006�2979/02/6701�0056$27.00 ©2002 MAIK “Nauka/Interperiodica”

Abbreviations: PAR) protease�activated receptor; GPCR) G�

protein coupled receptor; TME) tumor microenvironment.

* To whom correspondence should be addressed.

Thrombin Regulation of Cell Function 
through Protease�Activated Receptors: 

Implications for Therapeutic Intervention

C. K. Derian, B. P. Damiano, M. R. D’Andrea, and P. Andrade�Gordon*

The R. W. Johnson Pharmaceutical Research Institute, Welsh and McKean Roads, P.O. Box 776, Spring House, 

Pennsylvania 19477�0776, USA; fax: 1�(215) 628�3297; E�mail: pandrade@prius.jnj.com

Received June 15, 2001

Revision received September 21, 2001

Abstract—The serine protease thrombin is well recognized as being pivotal to the maintenance of hemostasis under both nor�

mal and pathological conditions. Its cellular actions are mediated through a unique family of protease�activated receptors

(PARs). These receptors represent a novel family of G protein�coupled receptors that undergo proteolytic cleavage of their

amino terminus and subsequent autoactivation by a tethered peptide ligand. This paper reviews the consequences of PAR

activation in thrombosis, vascular injury, inflammation, tissue injury, and within the tumor microenvironment.

Key words: thrombin, platelets, vascular injury, inflammation, tumor microenvironment, fibroblasts, protease�activated

receptor



CELLULAR ACTIONS OF THROMBIN VIA PAR ACTIVATION 57

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 1    2002

native receptor. Additional structural features of the

receptor have been identified from receptor modeling and

mutagenesis studies. The second extracellular loop con�

tains several residues important for ligand/receptor inter�

action [3�6] and thus represents an important site for tar�

geted receptor modulators. The intracellular loops are

recognized sites for G�protein coupling and the cytoplas�

mic tail contains numerous sites for receptor phosphory�

lation leading to receptor inactivation and internalization

[7�9]. PAR�1 from both hamster and rat were also cloned

and shown to be highly homologous to human PAR�1

[10, 11]. PAR�1 is widely distributed among cells and tis�

sues, consistent with thrombin’s widespread effects

described in in vitro studies. Thus, regulation of PAR�1

expression and/or activity presents an important

approach to modulating thrombin’s actions.

PAR�3 and PAR�4. Since the discovery of PAR�1,

three additional PARs have been discovered: PAR�2,

PAR�3, and PAR�4 [12�16]. PAR�2 was first identified

from a mouse genomic library using hybridization probes

derived from the bovine substance K receptor [12]. The

human gene was subsequently isolated from a human

genomic library and cloned from human kidney cDNA

[13, 17]. PAR�2 is the only PAR described to date that is

not activated by thrombin. The most widely studied pro�

teolytic activators of PAR�2 are trypsin and tryptase [12,

18�20], however several other serine proteases have

recently been shown to activate PAR�2 including mem�

brane�type serine protease�1, factor VIIa, and factor Xa

[21, 22]. The cell and tissue distribution of PAR�2, like

PAR�1, is widespread with significant expression in pan�

creas, colon, kidney, small intestine, and liver. PAR�2 is

notably absent from platelets.

PAR�3 was first described in PAR�1 deficient mice

whose platelets were fully responsive to thrombin [14, 23].

PAR�3 contains a consensus sequence for the thrombin

anion�binding site indicating that it is a putative substrate

for thrombin cleavage. However, PAR�3 is unique among

the PARs in that it is not activated by synthetic peptides

representing its tethered peptide ligand. Thus the func�

tional role of PAR�3, other than in murine platelet acti�

vation, remains unclear. Human and murine PAR�3 dis�

play distinct tissue distributions based on Northern analy�

sis. Human PAR�3 is expressed in several tissues includ�

ing heart, liver, pancreas, small intestine, stomach, bone

marrow, and vascular endothelial cells but is absent from

human platelets [14, 24]. In contrast, megakaryocytes in

the spleen were the only primary site of PAR�3 expression

in mouse tissues [14].

Human PAR�4 was discovered using a bioinformat�

ics approach employing est sequences homologous to

other PARs [16]. Concurrently, murine PAR�4 was

described in studies with PAR�3 deficient mice [15].

These mice, while devoid of thrombin sensitive responses

at low nanomolar thrombin concentrations, were still

responsive to higher thrombin concentrations. These

observations led to a search for an additional thrombin

receptor, culminating in the identification of murine

PAR�4. PAR�4, unlike both PAR�1 and PAR�3, does not

possess a consensus sequence for binding of thrombin’s

anionic exosite. Human PAR�4 is activated by approxi�

mately 100�fold higher thrombin concentrations than

PAR�1. Part of this discrepancy may be attributable to the

lack of this binding site on the receptor, which is impor�

tant for designating thrombin’s specificity and potency.

The separation in thrombin potency between PAR�1 and

PAR�4 implies that they may serve distinct roles in medi�

ating cell function. Alternatively, for human PAR�4 other

proteases such as trypsin or cathepsin G may be the pri�

mary activators [15, 16, 25].

PARs IN THROMBOSIS

Platelets are the principal cell type participating in

the regulation of hemostasis. They are activated by a vari�

ety of stimuli including collagen, ADP, thromboxane A2,

epinephrine, serotonin, and thrombin, but thrombin is

considered the most potent stimulus of platelets.

Thrombin induces platelet shape change, degranulation,

aggregation, and biosynthesis of lipids, all of which con�

tribute to the generation of thrombi. While these events

are important during normal hemostasis to maintain the

integrity of the vasculature, increased generation of

thrombin and formation of large thrombi that lead to ves�

sel occlusion contribute to the often fatal outcome of

myocardial infarction, angina, and stroke. Thus, under�

standing the mechanism by which thrombin can activate

platelets may provide important therapeutic approaches

to treating thrombotic related diseases.

The presence of both PAR�3 and PAR�4 in murine

platelets led Kahn et al. [15] to propose a dual thrombin

receptor activating system in platelets. The thrombin sen�

sitivity in murine platelets in wild type versus PAR�3 defi�

cient mice raised the intriguing possibility that PAR�3

and PAR�4 interacted in some way to signal as PAR�1

does in human platelets. Indeed, recent studies described

the cooperativity of the two receptors whereby PAR�3

acted in concert with PAR�4 by localizing thrombin to

the cell surface, allowing PAR�4 to be cleaved and acti�

vated [26]. The putative role of the PAR�3 tethered pep�

tide ligand remains elusive however. The functionality of

PAR�3 alone in murine platelets awaits the generation of

a PAR�4 deficient mouse. A dual mechanism of activa�

tion has also been proposed for PAR�1 and PAR�4 in

human platelets [27]. Interestingly, PAR�4 activation in

human platelets has been shown, however PAR�3 has not

been identified in human platelets via sensitive methods

such as reverse transcriptase–polymerase chain reaction.

These observations suggest that PAR pairing seems to be

the preferred system by which platelets respond to throm�

bin, PAR�1/PAR�4 in human platelets and PAR�3/PAR�
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4 in murine platelets. In other tissues however, the func�

tional role of PAR�3 and PAR�4 remains to be fully char�

acterized. PAR�3 has been described in endothelial cells

for example, but PAR�4 has not. Through the use of PAR

specific probes and antibodies, the tissue expression pat�

terns for these receptors will be described, ultimately

leading to studies that better define the functional role of

these additional thrombin responsive receptors.

Clearly, PAR�1 mediates the majority of thrombin’s

actions on platelets due to its sensitivity to low concen�

trations of thrombin. Inhibition of PAR�1 in isolated

human platelets was obtained with receptor blocking

antibodies or the PAR�1 antagonist BMS�200261 [27].

These agents blocked low concentrations of thrombin (1 nM)

but were not effective at relatively high concentrations of

the enzyme (30 nM). However, total inhibition of platelet

aggregation was demonstrated by blocking both PAR�1

and PAR�4 but not either receptor alone. Limitations on

the expression of PAR�1 on platelets of different species

have hampered our attempts at understanding the signifi�

cance of PAR�1 relative to other thrombin responsive

mechanisms. Several comparative studies demonstrated

that among laboratory species, only guinea pig and non�

human primates expressed PAR�1 [28�30]. The potential

role for thrombin mediated PAR�1 activation in throm�

bus formation in vivo was first demonstrated with the use

of a blocking antibody recognizing the hirudin�like

domain in the amino terminal extension of PAR�1 in a

non�human primate model of thrombosis [31].

Interruption of thrombin’s ability to bind to this region

inhibited arterial thrombus formation measured by a

decrease in cyclic flow reductions.

More recently, we have identified novel, selective

PAR�1 antagonists, represented by RWJ�56110 and

RWJ�58259, which effectively inhibit ex vivo platelet

aggregation in guinea pigs [32, 33]. These agents repre�

sent excellent tools to probe the role of PAR�1 in normal

and pathological states. We used RWJ�58259 as a proto�

type compound to assess the effects of PAR�1 inhibition

in platelet dependent thrombosis in vivo. We evaluated

RWJ�58259 in two models of thrombosis, the arteriove�

nous shunt and photoactivation models. Surprisingly, we

found that PAR�1 inhibition had no appreciable inhibito�

ry effect on thrombus formation despite significant inhi�

bition of both thrombin and SFLLRN�induced platelet

aggregation. Further exploration of the PAR profile on

guinea pig platelets revealed a novel triple PAR profile:

PAR�1, PAR�3, and PAR�4. Recently, studies exploring

the interaction of PAR�3 and PAR�4, as they relate to

murine platelet responsiveness to thrombin, were

described. Using recombinant systems, PAR�3 was shown

to act as a cofactor for thrombin�induced PAR�4 cleavage

and activation through binding of thrombin to PAR�3’s

hirudin�like domain [26]. This unique observation sug�

gests a scenario whereby guinea pig platelets possess the

potential for two equivalent thrombin�activating path�

ways: PAR�1 and PAR�3/PAR�4. A PAR profile as such

would limit the usefulness of this species as a model for

assessing the role of human PAR�1 in platelet dependent

disorders since human platelets do not express PAR�3.

Thus, evaluation of the potential antithrombotic efficacy

of a PAR�1 antagonist such as RWJ�58259 would require

studies that overcome this species issue, such as the use of

non�human primate models.

THROMBIN AND PAR�1 IN VASCULAR INJURY

Several lines of evidence suggest that thrombin and,

in particular, thrombin activation of PAR�1, plays a piv�

otal role in vascular injury responses associated with

thrombosis, atherosclerosis, balloon angioplasty, and

stent implantation [34�36]. The identified vascular

actions of thrombin�induced PAR�1 activation comprise

the critical processes mediating vascular injury. Although

there are many other mediators participating in the injury

response, thrombin may act more globally to initiate

these responses. Platelet adherence and aggregation,

partly the result of PAR�1 activation by thrombin, are

critical early events in initiating other vascular responses

to injury through the release of other growth factors such

as platelet derived growth factor [37]. Thrombin and

PAR�1 mediated endothelial cell activation causes

increased vascular permeability [38, 39], release of nitric

oxide [40], endothelin [41], prostaglandins [42], von

Willebrand factor [43], and increased adhesion molecule

expression [44]. The latter can lead to neutrophil adhe�

sion at the site of injury. Thrombin�induced vasoconstric�

tion is PAR�1 mediated [40, 45�47]. Acutely, this vaso�

constriction may result in underperfusion or ischemia due

to narrowing of the vessel lumen [48�50] and potentially

increasing the risk of an occlusive thrombus. Vascular

smooth muscle cell proliferation in rat [51], rabbit, [52]

and human [53] is induced by PAR�1 activation. In addi�

tion to cellular proliferation, extracellular matrix protein

turnover is an important component of the vascular injury

response particularly in mediating restenosis following

angioplasty in human vessels [54]. Thrombin activation of

PAR�1 causes vascular smooth muscle procollagen syn�

thesis [55], increased synthesis and activation of matrix

metalloproteinases in endothelial cells [56], and endothe�

lial cell secretion of extracellular matrix proteins [57].

The local elevation of thrombin concentrations at a

site of thrombus is well established [58]. The significant

incidence of intramural thrombus following angioplasty

of atherosclerotic vessels may provide a sustained expo�

sure to thrombin at the vascular injury site [59]. In addi�

tion, PAR�1 protein expression and mRNA appear to be

upregulated in vascular injury in rat and baboon arteries

[60], where PAR�1 expression is associated with prolifer�

ating vascular smooth muscle cells. Similar PAR�1 upreg�

ulation has been demonstrated following vascular injury
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in rabbit [61] and mouse [62] carotid arteries and in vein

graft remodeling in rats [63]. PAR�1 expression is also

increased in human atherosclerotic vessels [64�66]. Thus,

the association of elevated thrombin concentrations and

increased PAR�1 expression at a site of vascular injury is

consistent with a role for thrombin and PAR�1 in vascu�

lar injury. Inhibitors of thrombin, such as hirudin, reduce

neointimal thickening induced by balloon angioplasty in

normal and hypercholesterolemic rabbits and pigs, and in

normal rats [67�71]. However, thrombin inhibitors will

not only inhibit the activation of PAR�1 but will also

inhibit activation of other thrombin receptors such as

PAR�3 and PAR�4 and will prevent the other enzymatic

actions of thrombin such as coagulation and fibrin poly�

merization. Thus, the effectiveness of the direct thrombin

inhibitors does not prove a role for PAR�1 in vascular

injury. Therefore, a number of alternative approaches

have been used to assess the specific role of PAR�1. For

example, the vascular injury response in mice made

genetically deficient in PAR�1 is altered compared to wild

type mice [62]. Specifically, intimal area and increased

medial area in response to injury tended to be reduced in

PAR�1 deficient mice. However, there appeared to be

more significant changes in remodeling in response to

injury. Although vessel and lumen diameter tended to

increase in wild type mice following injury, vessel diame�

ter was unchanged and lumen diameter actually

decreased in PAR�1 deficient mice despite the reduced

neointimal thickening. This suggests a role for PAR�1 in

positive remodeling following vascular injury [72]. Cell

density in the neointima was also greater in PAR�1 defi�

cient mice. The increased cell density in normal and

injured vessels may have resulted from reduced matrix

synthesis and secretion as a result of absence of PAR�1

activation.

An antisense oligodeoxynucleotide to PAR�1 has

been used to assess the specific role of PAR�1 in a vascu�

lar injury model in rabbits [73]. This oligonucleotide

inhibited expression of PAR�1 mRNA in vivo and inhib�

ited the proliferative response to thrombin in vascular

smooth muscle cells. However, the degree of intimal

thickening was not altered. In the same model, hirudin

significantly reduced the intimal thickening response.

Thus, the authors concluded that although thrombin may

be involved in the injury response, it did not appear that

PAR�1 was involved in this animal model.

However, in another study in a rat model, an anti�

body specific for PAR�1 was shown to inhibit the intimal

thickening response at antibody concentrations that

effectively inhibited thrombin�induced vascular smooth

muscle proliferation in vitro [74]. Hirudin was also effec�

tive in this model. More recently, we used a novel small

molecule antagonist of PAR�1, RWJ�58259, to assess the

role of PAR�1 in vascular injury in rats [33, 75]. RWJ�

58259 inhibited thrombin�induced vascular smooth mus�

cle cell proliferation in vitro. RWJ�58259 was placed

locally on the adventitial surface of the injured artery

using a polymer gel to keep the compound in place. RWJ�

58259 treatment significantly inhibited neointimal thick�

ening at 14 days following injury. These findings taken

together with the previous studies support an important

role for PAR�1 in vascular injury.

PAR�1 IN INFLAMMATION AND TISSUE INJURY

Thrombin contributes to many of the inflammatory

and reparative processes accompanying tissue injury

including changes in vascular permeability, leukocyte–

endothelial interactions, and connective tissue remodel�

ing. Through activation of PAR�1, thrombin mediates

several important effects on the vascular endothelium

such as stimulation of the synthesis and release of various

cytokines and growth factors and induction of adhesion

molecule expression. These soluble mediators, which

include interleukin�1, interleukin�6, interleukin�8, and

monocyte chemoattractant protein�1, act as chemoat�

tractants for and activators of peripheral blood leukocytes

[76�78]. The upregulation of several adhesion molecules

including CD62P (P�selectin), CD62E (E�selectin), and

CD54 (intercellular adhesion molecule�1) participates in

a time�dependent coordinated manner to capture rolling

leukocytes at sites of injury [79, 80]. PAR�1 dependent

increases in vascular contraction and vascular permeabil�

ity in vitro also indicate a direct effect of thrombin on the

vascular response associated with tissue injury. Taken

together, these many actions of thrombin on the vascular

endothelium indicate a coordinated process that facili�

tates the transmigration of leukocytes from the blood to

the extravascular space.

In addition to thrombin’s role in mediating a pro�

inflammatory response during tissue injury, thrombin

exerts a variety of additional actions on cells of the vascu�

lar and extravascular space. Thrombin exhibits in vitro

angiogenic activity through induction of endothelial tube

formation in MatrigelTM as well as promoting neovascu�

larization in vivo [81, 82]. While this thrombin�dependent

angiogenic response is important for normal tissue heal�

ing, it may contribute to pathological conditions such as

in tumor angiogenesis and atherosclerotic plaque forma�

tion.

The extravascular actions of thrombin include acti�

vation of tissue fibroblasts, monocytes/macrophages, and

mast cells. Fibroblasts are important participants during

tissue repair by elaborating a variety of cytokines and

growth factors for both autocrine and paracrine actions.

Secretion of vascular endothelial growth factor, a key

angiogenic factor, pro�fibrotic connective tissue growth

factor, and the inflammatory cytokine interleukin�8 high�

light the importance of PAR�1�induced fibroblast activa�

tion in tissue injury [83�85]. In addition to its direct effect

on the release of soluble mediators from fibroblasts,
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thrombin synergizes with interleukin�1β to secrete

prostaglandin E2 from fibroblasts [86]. This interaction is

associated with both increased vascular permeability and

vasorelaxation, which are contributing factors to tissue

edema. The effects on fibroblast secretagogue activity are

accompanied by thrombin’s strong mitogenic activity

toward fibroblasts [87�90].

The importance of PAR�1 as the primary thrombin

receptor mediating these inflammatory associated events

has been explored further using several in vivo models.

PAR�1 deficient mice provide a valuable model to explore

the direct actions of thrombin on cell and tissue respons�

es. PAR�1 activation by either thrombin or a PAR�1 ago�

nist peptide increased vascular permeability and vasocon�

striction in the pulmonary microvasculature [91]. These

changes were absent in lung preparations from PAR�1

deficient mice, consistent with the expression of function�

al PAR�1 on the vasculature. In a model of inflammatory

paw edema, PAR�1 expressing mice challenged with

either thrombin or a PAR�1 agonist peptide exhibited

increased plasma extravasation [92] which was attenuated

by either the neurokinin 1 receptor antagonist SR140333

or ablation of sensory nerves by capsaicin. Mice deficient

in PAR�1 were protected from the increased edema and

leukocyte infiltration confirming that PAR�1 mediates

this inflammatory response and does so via a neurogenic

mechanism. In a model of rat paw edema, the thrombin

inhibitor HirulogTM attenuated carrageenin�stimulated

paw edema, implicating thrombin as a central mediator of

the response [93]. Additional studies have shown that

directly activating PAR�1 via either injection of thrombin

or a PAR�1 agonist peptide induces increased extravasa�

tion in this model [93, 94]. Degranulation of mast cells by

compound 48/80 attenuated the responses to PAR�1 acti�

vation, implicating mast cells, either directly or indirectly,

as key participants in the inflammatory response.

Mast cell granule constituents play important roles in

immediate (type I) hypersensitivity, inflammation, tissue

remodeling, and angiogenesis [95�100]. Upon activation,

mast cells secrete a range of soluble mediators including

histamine, heparin, leukotrienes, cytokines, growth fac�

tors, and neutral proteases. Thus, mast cells represent an

efficient system through which powerful mediating factors

and enzymes are deposited locally upon activation. We

recently described the presence of PAR�1 on mast cells in

various normal human tissues using immunohistochemi�

cal techniques [101]. PAR�1 was distributed on the plasma

membrane and on the membranes of the intracellular

tryptase�positive granules of the mast cells. Such findings

are consistent with earlier observations demonstrating that

thrombin can induce mast cell activation [102, 103]. More

recently, PAR�1 mRNA has also been identified in mast

cells [104]. Taken together, these observations indicate the

presence of mast cell receptors for thrombin that initiate

or potentiate mast cell activation. Therefore, the function

of PAR�1 on the membranes of intracellular granules may

be to sustain further mast cell degranulation by replenish�

ing internalized PAR�1 from the plasma membrane upon

activation. The discovery of a functional PAR�1 on mast

cells suggests a novel mechanism to control mast cell

activity through the regulation of PAR�1.

PAR�1 IN THE TUMOR 

MICROENVIRONMENT (TME)

Of the many factors secreted by tumor cells, thrombin

has been correlated with the stage and type of carcinoma

and is associated with cell invasion and extracellular matrix

degradation [105, 106]. Increased proteolytic activity in

the TME can favor capillary sprout elongation and lumen

formation during angiogenesis [107]. The numerous cellu�

lar actions of thrombin on platelets, vascular cells, mast

cells, and leukocytes previously noted may contribute to

tumor invasion. Additionally, thrombin�mediated connec�

tive tissue deposition and development of tissue fibrosis,

characteristics of normal wound healing, are processes also

associated with cellular metastasis [108, 109].

In vitro studies have demonstrated increased tumor

cell adhesion to endothelium, extracellular matrix and

platelets, enhanced metastatic capacity of tumor cells,

and activated cell growth and stimulation of angiogenesis

in response to thrombin and PAR�1 agonist peptides

[110�115]. PAR�1 has been localized in pancreas tumor

cells [116], carcinoma, and melanoma cell lines [114]. In

breast carcinoma cells, the level of PAR�1 expression has

been correlated with the degree of invasiveness [117].

Furthermore, B16F10 melanoma cells transfected with

PAR�1, enhanced thrombin�induced tumor cell adhesion

to fibronectin 2.5�fold and pulmonary metastasis as high

as 39�fold compared to untransfected thrombin�treated

tumor cells [118].

The expression of PAR�1 in malignant and benign

human tumor tissues was recently described in the con�

text of the surrounding cell types in the TME using

immunohistochemistry and in situ hybridization [119]. In

this study, PAR�1 was expressed not only on the malig�

nant carcinoma cells, but also on the cell types forming

the TME such as the local macrophages, mast cells, reac�

tive stromal fibroblasts, vascular endothelial, and smooth

muscle cells. The presence of PAR�1 in these cell types in

the TME suggests a role in the actions of thrombin in cell

metastasis. The interface between the invading malignant

cells and the hosting stromal cells, referred to as the

TME, possesses an array of well�orchestrated cell signal�

ing mechanisms which facilitate tumor invasion by stim�

ulating tumor cell proliferation and degradation and

remodeling of the extracellular matrix [120].

While PAR�1 expression has previously been shown

on endothelial cells, vascular smooth muscle cells and

mast cells, little is known about the presence of PAR�1 on

macrophages. It has been reported that macrophages can
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secrete thrombin [121] and that thrombin is localized in

pulmonary alveolar macrophages [122]. It is possible that

PAR�1 activation might provide a stimulus for

macrophages to proliferate, migrate and/or phagocytize

degraded stromal proteins, in addition to synthesizing

and secreting thrombin into the TME. Additional work

will be required to clarify the role of PAR�1 in

macrophages as well as their role in cell metastasis.

PAR�1 was also identified on the reactive stromal

fibroblasts surrounding the metastatic tumor cells, which

were also positive for smooth muscle actin and DNA

topoisomerase IIα, a proliferation marker [123]. PAR�1

immunoreactivity was not detected on the stromal fibro�

blasts surrounding the benign, non�metastatic, or normal

epithelial cells, which were smooth muscle actin and

topoisomerase IIα negative in the tissues analyzed.

Reactive stromal fibroblasts, which exhibited characteris�

tics of myofibroblasts, are frequently associated with can�

cers of epithelial origin: a process known as desmoplasia

[124]. These cells appear to influence the invasive and

metastatic potential of carcinoma cells by an unidentified

mechanism [120]. Furthermore, reactive stromal fibro�

blasts deposit proteins such as collagen types I, II and V

in the local matrix in conjunction with tumor invasion,

which may facilitate tumor cell adhesion, cell motility

and cell proliferation [109, 120]. The expression of tissue

factor, a 46�kD transmembrane glycoprotein that serves

as a cell surface receptor and an essential co�factor for

plasma coagulation factor VII/VIIa, was reported to be

consistently observed in stromal cells of invasive breast

carcinomas but not in the benign breast tumors [125].

The increased presence of tissue factor/factor VIIa with�

in the TME, which in turn can generate thrombin via the

extrinsic coagulation pathway on fibroblasts, parallels our

observation of increased PAR�1 expression. Thus, the

presence of PAR�1 on stromal fibroblasts raises the possi�

bility that tumor�derived thrombin may activate local

stromal fibroblasts.

The role of thrombin on cell function is multi�faceted.

Induction of the coagulation pathway on the cell surface of

platelets, macrophages, vascular cells, or tumor cells in

response to tissue injury or inflammation, provides a means

An illustrative representation of PAR�1 mediated cellular effects during vascular injury, inflammation, and within the tumor microenvi�

ronment
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by which thrombin is generated and becomes accessible

not only intravascularly but also to the resident cells in the

subendothelial tissue. The generation of thrombin in

response to tissue injury and inflammatory processes

results in the coordinated activation of cells within the vas�

cular and extravascular compartments (figure). The identi�

fication of a novel proteolytically activated receptor for

thrombin, PAR�1, and evidence for its ubiquitous expres�

sion on numerous cells types has provided an explanation

for thrombin’s cellular actions. Accumulating evidence

indicates that PAR�1 does indeed mediate many of the cell�

ular actions of thrombin. This includes activation, adhe�

sion, and aggregation of platelets in arterial thrombosis.

Within the vascular milieu, thrombin can modulate the

interaction of leukocytes and endothelium to initiate a cas�

cade of events leading to extravasation of cells and protein

to the extravascular space, important components of

inflammation and edema. Thrombin can also initiate or

potentiate mast cell activation. In addition, thrombin can

stimulate vascular smooth muscle cell and fibroblast prolif�

eration as well as matrix remodeling, critical components

of the vascular injury response. The upregulation of PAR�1

in fibroblasts surrounding malignant tumors suggests a pos�

sible role in tumor metastasis. These findings suggest that

modulation of thrombin’s interaction with PAR�1 may

represents a novel approach to interfering specifically with

the cellular actions of thrombin. Antagonists of PAR�1

may prove to be an effective approach to managing a wide

variety of diseases associated with underlying inflammation

and tissue injury, including restenosis, atherosclerosis,

inflammation, and cancer.
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