
Hemostasis initiated by injury to the vascular wall

constitutes a major defense system of our body. Following

vessel wall injury, the initiation, amplification, and con�

trol of hemostasis depend on structurally unrelated mem�

brane associated receptors and their ligands. The coagu�

lation system can be viewed as a cascade of proteolytic

reactions where zymogens are cleaved to produce active

proteins [1]. The major players are the serine proteases of

the blood coagulation system such as factor VIIa (FVIIa),

factor IXa (FIXa), factor Xa (FXa), factor XIa (FXIa),

and thrombin. These proteins serve to induce and balance

the hemostatic process by binding to specific cell surface

receptors on platelets, leukocytes, and endothelium. The

receptors in this system include tissue factor (TF), throm�

bin receptor (PAR�1), and thrombomodulin. Following

vascular injury, TF is exposed to the circulation and the

extracellular part of TF serves as a receptor for FVII. This

allows activation of the zymogen FVII to an active serine

protease (FVIIa). The TF–FVIIa complex triggers the

formation of both FXa and FIXa. With its cofactor,

Factor Va (FVa), FXa will then convert prothrombin to

thrombin. Thrombin promotes thrombus formation by

activating platelets and converting fibrinogen to fibrin,

the major structural component of a blood clot. Once

trace amounts of thrombin are generated, there is a

marked amplification through thrombin feedback activa�

tion of factors V, VIII, and XI.

Nearly all of the major hemostasis�related genes

have been knocked out in mice, including TF [2�4], FVII

[5], FX [6], FIX [7], FVIII [8], von Willebrand factor [9],

FV [10], FXI [11], PAR�1 [12], prothrombin [13, 14],

and fibrinogen [15]. In addition, many of the genes

encoding the known suppressors and inhibitors of the

coagulation system have been disrupted. These studies

have demonstrated the critical involvement of the coagu�

lation factors in vascular development and maintenance

of the vascular integrity during embryonic development
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Abstract—Inactivation of specific genes in mammals by gene targeting has accelerated our ability to determine gene function.

Nearly all genes involved in the blood coagulation system have been knocked out in mice. Tissue factor (TF) is the main ini�

tiator of the coagulation system and functions as a cell surface receptor for coagulation factor VII (FVII). Knockout studies

have shown that TF deficiency results in lethality around embryonic day (E) 8.5�10.5. The results suggest a role for TF in

embryonic blood vessel development and maintenance of vascular integrity in the yolk sac. In addition, TF may be involved

in the maintenance of the placental labyrinth. Factor X (FX) deficiency causes partial embryonic lethality between E11.5�

12.5. FX–/– mice that were born died from fatal neonatal bleeding. In contrast, FVII deficiency is not embryonic lethal, but

FVII–/– neonates died from hemorrhage within the first days after birth. The various lethal phenotypes of deficiencies of the

different coagulation factors suggest involvement in processes beyond hemostasis. Both TF/FVIIa and FXa can trigger intra�

cellular signaling events in certain cell types. Signaling by coagulation proteases and protease�activated receptors (PARs) may

have important roles in embryonic development.
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(table). In this review, we shall summarize the effects of

knocking out TF, FVII, and FX. In addition, some of the

advances that have been made in the field of genetic

manipulation of mice will be reviewed. 

KNOCKING OUT GENES

The recently developed ability to inactivate specific

genes in the mouse has accelerated the understanding of

molecular and cellular aspects of normal and disease

processes in a living animal. By the available techniques,

it is possible to develop murine models for human dis�

eases or determining the role of single genes. The knock�

out technique first involves homologous recombination in

mouse embryonic stem cells (ES cells) by using a DNA

construct containing an inactive copy of the gene to be

knocked out. Second, these ES cells are incorporated into

the developing mouse embryo to form germ�line chimera.

By breeding these chimeric mice, the mutation made in

ES cells can be transmitted to the next generation.

Animals produced by this method will have the gene

knocked out from the first step in development.

Many genes have been knocked out by the conven�

tional knockout technique, and their functions have been

discovered. However, the results have also shown the

extreme complexity of genetic determination in mam�

mals. Knockout studies do not always give clear answers

due either to lack of phenotype or to the presence of

ambiguous phenotypes. Many genes have multiple func�

tions, and simple inactivation of such genes has limita�

tions in demonstrating the complete spectrum of func�

tions. In several studies, e.g., of the factors involved in the

coagulation system, an early lethal phenotype has

blocked studies of gene function at later stages in devel�

opment or in the adult animal (table). Knocking out these

genes results in complete or partial embryonic lethality,

with the rest of the neonates dying a short while after

birth.

By using the newly developed conditional knockout

techniques, these problems can be overcome. In condi�

tional knockouts, a specific gene can be targeted in a spe�

cific cell�type and/or at a specific stage in development

[16]. This technique involves use of the Cre–loxP recom�

bination system. Cre is a recombinase isolated from bac�

teriophage P1 that catalyzes a recombination between two

34�bp sequences referred to as loxP [17]. When Cre is

expressed, any DNA between two loxP sites will be

excised. By using a mouse strain that expresses Cre in a

specific cell�type, it is possible to delete a gene in only

this tissue. Two mouse strains are needed, the first one

expressing Cre, the second one having loxP sites flanking

the gene to be deleted. By crossing these lines, the gene

will be deleted only in the tissue expressing Cre. The

choice of a good tissue�specific promoter in this strategy

is important. The promoter must be strong enough to give

high expression of Cre. Many different tissue�specific

promoters have been characterized by cell culture studies

Receptor/Ligand

Tissue factor [2�4]

Factor VII [5]

Factor X [6]

Prothrombin [13, 14]

PAR�1 [12]

Factor V [10]

Function

initiator of blood clotting, receptor for
FVIIa

ligand for TF, activates FX in complex with
TF

catalyzes conversion of prothrombin to
thrombin

activated to form thrombin by FXa, throm�
bin activates platelets and converts fibrino�
gen to fibrin

thrombin receptor, mediates cell signaling
by thrombin

cofactor of FXa in the generation of throm�
bin

Phenotype

embryonic lethality (E8.5�10.5), defect in vascular
integrity or in blood vessel development of the yolk
sac

normal embryonic development, perinatal hemor�
rhage after birth results in death

partial embryonic lethality at E11.5�12.5, fatal
neonatal bleeding

partial embryonic lethality between E9.5�10.5,
spontaneous bleeding, loss of vascular integrity in
yolk sac

partial embryonic lethality at E9.5�10.5, surviving
embryos are growth retarded but with no apparent
hemostatic defect

50% of embryos die at mid�gestation with bleeding
and vascular defects in yolk sac

Functions of some protease receptors and ligands of the coagulation system and the consequences of complete defi�

ciency in mice
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and in transgenic animals. Several promoters have been

coupled to the Cre gene to control its expression pattern

in mice. Temporal inactivation of genes is also possible by

using inducible promoters to control the expression.

Several inducible systems have been worked out including

tamoxifen�, glucocorticoid�, tetracycline�, and heat

shock induction of Cre [18�21]. A number of strains are

available through the “Cre transgenic database” [22].

This database contains different Cre transgenic lines;

both published and unpublished lines are included.

Interesting promoters like the TIE�1 [23], TIE�2 [24],

and SM22 [25] promoters have been used to control Cre

expression. TIE�1 and TIE�2 are endothelial cell�specif�

ic genes and are important in the formation of blood ves�

sels [26]. The SM22 promoter is specific for smooth mus�

cle cells. In addition, to be restricted to smooth muscle

cells, Cre is also regulated by tamoxifen induction in this

mouse strain. In further studies of genes involved in

development of the vascular system, these lines may be

helpful.

TISSUE FACTOR

Biology of tissue factor. Tissue factor (TF) is believed

to be the physiological initiator of blood coagulation.

Mature TF is a 263 amino acid transmembrane glycopro�

tein consisting of a 219 amino acid extracellular domain,

a 23 amino acid transmembrane segment, and a 21 amino

acid cytoplasmic tail [27]. Cloning of the gene revealed

structural similarities to the class II cytokine receptor

superfamily. TF is a true receptor. Binding of its ligand

FVIIa triggers intracellular calcium mobilization through

phosphatidylinositol�specific phospholipase C [28, 29],

as well as activation of mitogen�activated protein kinases

(MAPKs) [30]. Recent studies have shown that binding of

FVIIa to TF induces gene expression [31, 32]. The

responding genes include transcriptional regulators,

growth factors, proinflammatory cytokines, genes

involved cellular reorganization/migration, and others.

TF is constitutively expressed by a variety of cells,

most prominently in epithelial and perivascular cells. In

this way TF creates a “hemostatic envelope” protecting

against blood loss in trauma [33]. TF is normally absent

from vascular endothelium and peripheral blood cells, but

expression in monocytes and endothelium can be

induced by cytokines and inflammatory molecules [34].

Human and murine genomic TF have been cloned

and mapped to human chromosome 1 and murine chro�

mosome 3, respectively [35, 36]. The structure of the two

genes was found to be very similar, both organized into six

exons spanning 12�13 kb. There are no reports of TF defi�

ciency in humans. Regulation of the human TF gene has

been characterized extensively in cell culture studies [37].

Sp1 mediates basal expression whereas c�Fos/c�Jun, c�

Rel/p65, and Egr�1 mediate inducible expression.

Enhancer elements responsible for the constitutive and

inducible expression lie within the 300�400 bp of the pro�

moter. Less is known about the regulatory regions that

confer cell�type specific and inducible TF expression in

vivo.

Recent studies have suggested that TF plays a non�

hemostatic role in development and/or maintenance of

blood vessels, resulting in death for deficient embryos [2�

4]. TF has also been proposed to play a role in tumor�

associated angiogenesis, metastasis, and inflammation

[38, 39].

Involvement in embryonic blood vessel development.
During embryonic development, blood vessels are initial�

ly formed by differentiation of mesodermal precursors

(angioblasts) into vascular endothelial cells, followed by

their assembly into a primary vascular network, a mecha�

nism known as vasculogenesis [40]. This primary vascular

plexus is then remodeled into the large and small vessels

of the mature system by the process of angiogenesis [41].

Endothelial cells can initiate, but not complete the

process of angiogenesis; periendothelial cells are essential

for vascular maturation.

Pericytes/smooth muscle cells accumulate and dif�

ferentiate around the endothelial cells. They inhibit pro�

liferation and migration, and induce differentiation, qui�

escence, and survival of endothelial cells. In the develop�

ing embryo, blood cell formation and vasculogenesis

begins at E7.5 in the blood islands of the yolk sac [42].

The endothelial cells and hematopoetic cells of these

islands are proposed to originate from a common precur�

sor, termed the hemangioblast. The primary vascular

plexus formed in the yolk sac will form the large vitelline

blood vessel.

Three independent groups have reported that TF–/–

embryos die between E8.5�10.5, because of the inability

to establish or maintain vascular integrity and defective

yolk sac vessel development [2�4]. Mice heterozygous for

the inactivated TF allele were phenotypically normal. No

morphological defects were observed in TF–/– embryos at

E8.5. At E9.5 wasting of TF–/– embryos was observed with

variable onset. Approximately 90% of the TF–/– embryos

were dead at embryonic day 10.5. At this stage they were

growth retarded and pale, with abnormalities in the yolk

sac. In TF deficient yolk sacs, the mesenchyme�derived

smooth muscle cells/pericytes fail to accumulate and dif�

ferentiate around endothelial cell�lined capillaries [2].

The blood vessels become fragile, and blood is leaking

into the extravascular cavity.

The blood circulation from yolk sac to the growing

embryo is nearly inhibited. The capillary plexus of the

yolk sac is enlarged and disordered, and the vitelline ves�

sels are not properly developed. At the time when the

TF–/– embryos die, the yolk sac vasculature is completed

in TF+/+ embryos. The extra�embryonic and embryonic

vasculatures are fused, and the embryonic blood circula�

tion begins. The nutrition of the embryo depends on the
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yolk sac vasculature. Wasting of the TF–/– embryo appears

to be a result of the lack of essential nutrients due to a

defective yolk sac vasculature.

In a 129/SvJ or a 129/SvJ:NIH Black Swiss back�

ground no TF–/– embryos have survived longer than

E10.5. If must be mentioned that a few TF–/– embryos

have survived beyond E10.5 in a 129/SvJ:C57BL/6 genet�

ic background [43]. The small number of embryos sur�

vived into late gestation, and died then due to hemor�

rhage. The genetic background has an influence on this

phenotype, but what is causing this compensatory effect is

not known.

To further investigate the role of TF during embryo�

genesis, transgenic mice expressing a human TF mini�

gene lacking the intracellular domain (tailless) or with a

mutation in the extracellular domain were made [44].

These transgenic mice were then crossed with mice het�

erozygous for the mouse TF gene (TF+/–) to create off�

spring heterozygous for both the transgene construct and

the mouse TF gene. Rescue experiments were then per�

formed by crossing these offspring with TF+/– mice. Pups

were sacrificed and genotyped.

Transgenic mice expressing the tailless human TF

mutation rescued the embryonic lethality of murine

TF–/– embryos. In contrast, the human TF extracellular

domain mutant did not rescue the embryos. These results

indicated that the intracellular domain is not required for

embryonic development. However, binding of FVIIa to

the extracellular domain of TF and formation of a prote�

olytically active TF/FVIIa complex is required for mouse

embryogenesis.

Involvement in uterine hemostasis and maintenance of
the placental labyrinth. TF deficient mice are rescued

when expressing low levels of a human TF minigene [45].

The expression of the minigene was only about 1% rela�

tive to mouse TF, but embryos developed normally with

no signs of bleeding. The low TF level can maintain

hemostasis and normal development. Adult low�TF mice

are fertile. When low�TF female mice are bred with low�

TF or wild type males, fatal postpartum uterine hemor�

rhage is reported, independent of the genotype of the pup.

Fatal mid�gestational hemorrhage was also observed, a

result of low levels of embryonically derived TF in the

placenta [46]. Maternal blood pools and placental hem�

orrhage were observed in the labyrinth layer between E12

and E16 in low�TF embryos. Further examination of

these embryos showed a thinning of the layer I tro�

phoblasts that normally forms a continuous lining of the

maternal blood space during gestation. This suggests a

possible role for TF in maintenance of the placenta, but

the mechanism involved in this process is not clear.

In deficiencies of other coagulation factors similar

phenotypes are reported with defects in blood vessel

development. Approximately 50% of FV deficient

embryos die at mid�gestation with bleeding and vascular

abnormalities in the yolk sac [10]. Embryos that are born

suffer from fatal postnatal hemorrhage. It has been

reported that prothrombin deficiency also leads to defec�

tive yolk sac vasculature at mid�gestation [13]. More than

50% of the embryos die before E10.5.

The lethality of TF deficient embryos is more severe

compared to the other coagulation factors, suggesting

additional functions of TF beyond its involvement in the

coagulation process. It remains to be determined whether

TF acts in a FVII�dependent or �independent manner.

Currently FVII is the only known ligand for TF, but TF

may interact with other ligands or receptors and take part

in different processes during embryonic development.

The alternative hypothesis is that TF may be involved in

embryonic development by thrombin generation.

Approximately 50% of embryos deficient in thrombin

receptor, PAR�1 (protease�activated receptor 1), die at

E10.5 [12]. There is a possible link between TF�depend�

ent activation of coagulation and the PAR�1 signaling

system. Generation of thrombin may lead to activation of

the PAR�1�dependent intracellular signaling during

embryogenesis, more specifically in the visceral yolk sac.

FACTOR VII

The factor VII protein. FVII is a vitamin K�depend�

ent serine protease zymogen synthesized in the liver. The

gene is organized into 8 exons and is located on chromo�

some 13 in humans and chromosome 8 in mice. Both

genes are cloned and characterized [47, 48]. The gene is

located centromeric of FX in both humans and mice. The

human FVII is positively regulated primarily by a liver�

specific transcription factor, hepatocyte nuclear factor�4

(HNF�4) [49]. The mature protein consists of 406

residues, but is synthesized with a 38�residue leader

sequence directing the polypeptide to rough endoplasmic

reticulum. FVII is a zymogen and requires activation to

get biological activity. FVII is activated to FVIIa by cleav�

age of its Arg152–Ile153 bond. After cleavage, a single

disulfide bond connects the two resulting chains. This

activation process requires Ca2+, phospholipids, and

interaction with TF. The TF/FVIIa complex has two sub�

strates in the coagulation process, FIX and FX. FVII defi�

ciency caused either by reduced production or activity of

the protein normally leads to increased bleeding tenden�

cy [50].

Factor VII deficient mice. The FVII gene was inacti�

vated by deleting the entire coding sequence for the

mature protein [5]. The FVII–/– embryos developed nor�

mally, but were under�represented according to the

expected Mendelian frequency at birth (observed 18.4%,

expected 25%). Timed matings between FVII+/– males

and females were used to analyze the frequency of

FVII–/– embryos at various stages during gestation (E9.5�

E18.5). FVII deficient embryos were present at their

expected frequency (25%) at each of the stages. The
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under�representation at birth was suggested to be a result

from death and consumption from their parents. No vas�

cular defects were seen in yolk sac or in the embryo itself,

in contrast to the defects in TF deficient embryos.

Measurement of FVII plasma proteolytic activity from

deficient embryos at various stages demonstrated that

there was no detectable FVII activity. The proteolytic

activity of FVII in heterozygous embryos was approxi�

mately 50% compared to age�matched wild type embryos

In wild type embryos FVII expression was minimal at

E9.5 in both the embryo and yolk sac but abundant in

neonates. More than half of the FVII–/– embryos died

because of fatal intra�abdominal bleeding within the first

24 h after birth, whereas most of the remaining mice died

from intracranial hemorrhage before the age of 24 days.

Analysis of the embryos showed widespread extravasation

of red blood cells into the peritoneal cavity. The blood

vessel development was not affected. There is a possibili�

ty that the normal development of FVII deficient

embryos is dependent on transfer of maternal FVII.

Humans with FVII levels down to approximately 1% sur�

vive. Therefore, low levels of maternally transferred FVII

could lead to normal embryonic development. If any such

maternal transfer exists, the level is below the present

detection limit.

FACTOR X

The factor X protein. FX like FVII is a vitamin K�

dependent serine protease zymogen synthesized in the

liver [51]. The 488�amino acid FX precursor is modi�

fied to a mature two�chain zymogen by γ�carboxylation

and cleavage of the pre�pro�sequence. The FX gene is

located downstream (telomeric) of the FVII gene. Like

the other vitamin K�dependent coagulation factors, the

FX gene is divided into 8 exons coding for 8 different

functional domains. The promoter region of the murine

FX gene contains binding sites for the transcription fac�

tors HNF�4, NF�Y (nuclear factor Y), and GATA�4.

These sites have influence on the transcriptional activi�

ty of the gene [52]. FX is converted to its active form

FXa by the TF/FVIIa complex during the initiation

phase of blood coagulation. In association with FVa,

FXa forms the prothrombinase complex catalyzing the

conversion of prothrombin to thrombin. Hereditary FX

deficiency is a rare autosomal recessive disorder, but the

genetic defects underlying the deficiencies are largely

uncharacterized.

FX participates in other processes beyond coagula�

tion. Like FVIIa, FXa induces intracellular calcium sig�

nals in certain cells [28, 29]. The signaling is independent

of thrombin generation. The protein acts as a mitogenic

and signaling agent in vascular smooth muscle cells [53],

and it stimulates an acute inflammatory response [54]. In

addition, FX has been shown to induce cytokine produc�

tion and expression of adhesion molecules by human

umbilical vein endothelial cells [55].

Factor X deficient mice. The FX gene was inactivated

by deleting an 18 kb genomic fragment containing the

entire coding part of the gene [6]. Homozygous FX�defi�

cient embryos were underrepresented among offspring of

heterozygous breeding pairs. Only 15% of the neonates

were FX–/–, and 50% of them were dying due to fatal

bleeding the first day after birth. The majority of the

remaining embryos were dying within 5 days. Microscopic

analysis confirmed widespread bleeding in the peritoneal

cavity, but it did not reveal any abnormalities in organ or

blood vessel development. Timed matings showed an

expected ratio of FX–/– embryos at E9.5. At E12.5 the

ratio of FX–/– was reduced from 25 to 17%. At these stages

the surviving embryos were grossly indistinguishable from

their wild�type littermates. However, some embryos

showed signs of bleeding. The portion of FX–/– remained

constant at 16% after E12.5. Thus, the FX deficiency leads

to partial embryonic lethality between E11.5 and E12.5.

The FX deficiency resembles the phenotype of FV and

prothrombin deficiency, suggesting that generation of

thrombin provides a critical embryonic function at mid�

gestation. In contrast to FX deficiency, yolk sac abnormal�

ities are reported in FV and prothrombin deficiency [10,

14]. However, potential vascular defects occurring

between E11.5�12.5 cannot be excluded, as degeneration

and necrosis prevented further studies.

It seems unlikely that the essential function of FX in

the embryos involves clot formation since fibrinogen defi�

cient embryos develop normally [15]. A possible role for

FX during development can be the FV/FX activation of

prothrombin, leading to thrombin�mediated intracellular

signaling by the thrombin receptor PAR�1. In PAR�1

deficiency, 50% of the embryos die between embryonic

day 9.5 and 10.5. PAR�1 is expressed by vascular

endothelial cells and smooth muscle cells [56, 57] and is

thus well positioned to mediate communication between

the blood and cells of the vessel wall. Signaling in

endothelial cells is important for normal vascular devel�

opment. No vascular abnormalities have been reported in

PAR�1–/– mice and they have normal skin wound healing

[58]. However, it is reported that PAR�1–/– mice have

altered responses to arterial injury [59].

SIGNALING BY THE TF/FVIIa 

COMPLEX AND FXa

When FVIIa binds to TF on various cell types, intra�

cellular Ca2+ oscillations are induced through phos�

phatidylinositol�specific phospholipase C [28, 29]. The

complex induces signaling via different MAPKs including

p38, extracellular signal�regulated kinase 1/2 (Erk1/2),

and c�Jun N�terminal kinase, and upregulation of the

early growth response gene (egr�1) [30].
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In recent studies using the cDNA macroarray tech�

nology we have shown that the signaling through the

MAPK pathways p38 and Erk1/2 induces gene expression

in keratinocytes [31]. The pattern of genes induced may

suggest a role for TF/FVIIa signaling in wound repair.

Several of these genes are involved in the earliest steps of

the wound reaction and may also mediate other effects of

TF in metastasis and tumor angiogenesis. Genes that

were up�regulated included transcription factors (c�fos,

ETR101, fra�1, c�myc, BTEB2, TTP, and egr�1), growth

factors (CTGF, AR, hbEGF, and FGF�5), proinflamma�

tory cytokines (IL�8, IL�1β, LIF, and MIP2α), and oth�

ers (RhoE, uPAR, collagenase 1 and 3, PAI�2, Jagged1,

cyclophilin, GADD45, and PGE2R). Another study

showed that FVIIa induced expression of Cyr61 and

CTGF in human fibroblasts [32]. Upregulation of VEGF

(vascular endothelial growth factor) in fibroblasts has also

been reported [60]. VEGF production is induced in

fibroblasts when FVIIa binds to TF, but the process

involves generation of FXa and thrombin [61]. Taken

together these data suggest that the formation of

TF/FVIIa complex may affect various biological process�

es by inducing expression of downstream effector pro�

teins.

Both FVIIa and FXa must be proteolytically active to

generate Ca2+ signals. This suggested that protease�acti�

vated receptors were involved in the signaling process.

PAR�1 is an important mediator of thrombin signaling

[62]. In addition, three more PARs have been identified.

Like PAR�1, PAR�3 and PAR�4 can be activated by

thrombin [63, 64]. In contrast, PAR�2 is not activated by

thrombin. The PARs belong to a subclass of G�protein�

coupled receptors, and they are activated by proteolysis of

a specific peptide bond in the extracellular region of the

protein. They are expressed widely in intra� and extravas�

cular cells, and signaling by these receptors in response to

injury is expected to regulate diverse cellular functions

including gene expression, cell proliferation, and migra�

tion.

Like thrombin, FVIIa and FXa can trigger signaling

events in certain cells. Studies in Madin–Darby canine

kidney cells showed that PAR�1 was not involved in the

generation of the Ca2+ signal by FVIIa induction [29].

TF/FVIIa�induced signal transduction leads to Erk1/2

MAPK phosphorylation and requires proteolytic activity

of FVIIa [30, 65, 66]. Exposure of TF�transfected baby

hamster kidney (BHK) cells to FXa did not induce

Erk1/2 phosphorylation. In addition, a specific inhibitor

of FXa, recombinant tic anticoagulant protein, did not

inhibit FVIIa�induced MAPK activation; neither did

inhibition of thrombin. This excludes an indirect route

for signal transduction via known or unknown thrombin

and FXa receptors.

The cytoplasmic domain of TF is not required for the

Erk1/2 MAPK activation. Recent studies of TF�trans�

fected BHK cells suggest that FVIIa�induced intracellu�

lar signaling does not involve the activation of a known

PAR, and that the intracellular activity induced by FVIIa

is distinctly different from that induced by other serine

proteases [67].

Recent studies have suggested that TF�dependent

activation of FXa can trigger signaling events independ�

ent of thrombin generation, and that PAR�2 may function

as a FVIIa/FXa receptor [68]. PAR�2 may be activated

directly by TF/FVIIa and/or indirectly by TF/FVIIa�

generated FXa. FVIIa can activate PAR�2 in the presence

of TF and FX in keratinocytes and endothelial cells.

When FVIIa binds to TF, this complex converts inactive

zymogen FX to the active protease FXa. FXa can then

cleave PAR�2 to trigger transmembrane signaling. The

signaling through PAR�2 may be important in inflamma�

tion and in establishing a link between coagulation and

inflammation. Several studies implicate PAR�2 in tissue

injury and inflammation. PAR�2 expression is upregulat�

ed by inflammatory mediators such as TNF�α and IL�1

[69]. PAR�2 is expressed in vascular endothelial cells,

where it mediates proliferation, and in vascular smooth

muscle cells.

PAR�2 deficient mice have been made [70]. At birth,

PAR�2–/– embryos were underrepresented from the

expected Mendelian ratio (16.7% compared to 25%).

Furthermore, 20% of the embryos were dead at birth, or

found dead within 48 h. By anatomical and histological

analysis of these pups, no abnormalities were observed.

Surviving PAR�2–/– mice appeared normal, and homozy�

gous matings gave normal litter sizes. Recent studies have

shown that PAR�2 is an important receptor in inflamma�

tion and appears necessary for some of the earliest

inflammatory responses in vivo [71].

PERSPECTIVE

The hemostatic proteases and their receptors provide

important molecular links between blood coagulation and

vascular cell functions. They appear to be indispensable

during embryonic development for establishing the early

vascular system.

Based on the similar phenotypes of mice deficient in

FX, FV, and prothrombin, the failure of embryos during

mid�gestation may be a result of a defect in a common

pathway shared by these proteins. It is likely that the

defect is due to a failure in thrombin signaling through

PAR�1. Formation of fibrin, in itself, is not required for

embryogenesis. The presence of FX and thrombin may be

important for other functions than blood clotting related

to the cell signaling processes in which they are involved.

Lethality is higher for TF deficient embryos com�

pared to the level of lethality in FV�, FX�, and prothrom�

bin deficiency. This may be due to additional functions of

TF beyond its involvement in the coagulation cascade.

TF deficiency may affect the regulation of protease gen�
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eration and thereby inhibiting cell signaling processes

required for embryonic development. Whether TF inter�

acts with FVII or with a yet unidentified factor in these

processes is unknown. Factor FVII deficient embryos

develop normally but suffer from fatal hemorrhage after

birth. These results suggest that TF may interact with

another factor. Alternatively, placental transfer of FVII

might rescue FVII deficient embryos.

Strategies to bypass the embryonic lethality of these

deficiencies are possible by using tissue�specific or

inducible knockout techniques by the Cre–loxP system.

The deficiencies can then be studied later in development

and in adult animals. Such mice are being prepared.
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