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Chapter 2 

Summary 

Tissue factor (TF). apart from activating the extrinsic pathway of the blood coagulation, is a 

principal regulator of embryonic angiogenesis and oncogenic neoangiogenesis, but also 

influences inflammation, leukocyte diapedesis and tumor progression. The intracellular 

domain of TF lacks homology to other classes of receptors and hence the signaling 

mechanism is poorly understood. Here we demonstrate that factor Vila (the natural ligand for 

TF) induces the activation of the Src-family members c-Src, Lyn and Yes, and subsequently 

Phosphatidylinositol-3-(OH)-kinase (PI3 kinase), followed by stimulation of c-Akt/protein 

kinase B as well as the small GTPases Rac and Cdc42. In turn Rac mediates p38 Mitogen-

Activated Protein kinase (MAP kinase) activation and cytoskeletal reorganization, whereas 

factor Vila-induced p42/p44 MAP kinase stimulation required PI3 kinase enzymatic activity 

but was not inhibited by dominant negative Rac proteins. We propose that this Src-family 

member/PI3 kinase/Rac-dependent signaling pathway is a major mediator of factor VIIa/TF 

effects in pathophysiology. 
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Introduction 

Tissue Factor (TF), a 47 kD glycosylated transmembrane protein is the principal initiator of 

the extrinsic coagulation pathway, via the binding of factor VII/VIIa, followed by activation 

of factor X and further hemostasis (1). In addition, TF is critical for blood vessel 

development, and TF-deficient mice die as a consequence of abnormalities in this 

development (2-4). Furthermore, TF regulates inflammation, since inhibition of TF/factor 

Vila complex assembly dramatically enhanced survival of baboons to LDioo infusion with 

Escherichia coli (5,6) and monocyte reverse transmigration may involve TF (7). Finally TF 

appears to be important in tumor progression, although this effect may well be dependent on 

the angiogenic properties of TF (8-10). The molecular mechanisms, however, by which TF-

factor VII/VIIa interaction exerts these effects, remain poorly defined. 

A first clue as to these mechanisms was provided by Bazan (11) who demonstrated that TF 

shows substantial homology with the interferon a/(3 and y receptors, and this notion was 

confirmed by crystallographic studies on TF structure (12,13). Subsequently it was 

demonstrated that factor VIIa/TF interaction exerts a variety of cellular changes including 

Ca2+-signaling (14,15), tyrosine phosphorylation in monocytes (16), activation of p42/p44 

Mitogen-Activated Protein kinase (MAP kinase) (17), and changes in gene expression (18). 

Hence TF may act as a cellular receptor for factor VII/VIIa, but the molecular details of the 

subsequent signal transduction as well as how these might relate to the TF-action in 

pathophysiology remain unclear. 

A group of proteins possibly involved in TF action is the Rho family of small GTPases, which 

have an important function in directing cell motility and migration (19). Recently it has 

become clear that especially Rac is important for angiogenesis, calcium signaling, leukocyte 

migration, as well as the control of inflammation and oncogenesis, which are functions 

associated with TF signaling. Furthermore, a recent study by Timokhina et al. (20) has 

demonstrated that c-Src may act as an upstream regulator of p21Rac, whereas c-Src is a 

general mediator of signaling of receptors devoid of intrinsic kinase activity like TF. We 

decided to study, therefore, the role of Rac and the Src-like tyrosine kinases in TF signaling. 

The results show that TF/factor Vila interaction stimulates a signaling pathway involving the 

activation of Src-like family members c-Src, Lyn and Yes, and subsequently PI3 kinase 
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leading to the stimulation of p42/p44 MAP kinase, c-Akt/PKB and Rac. In turn, the latter 

GTPase provokes cytoskeletal reorganization and p38 MAP kinase activation. We propose, 

that this c-Src, PI3 kinase and p21 Rac-dependent signaling pathway is a major mediator of 

TF effects in pathophysiology. 
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Experimental Procedures 

Reagents and antibodies- p42/p44 MAP kinase, phosphospecific p42/p44 MAP kinase, 

ser -cAkt/PKB, and p38 MAP kinase antibodies were purchased from New England 

Biolabs. Rac, Fyn, Lyn, Yes, Src and immobilized SAM68 antibodies were obtained from 

Santa Cruz, Horseradish Peroxidase-conjugatcd Goat-anti-Rabbit and Goat-anti-Mouse 

antibodies were purchased from ITK Diagnostics. Phalloidin-TRITC, 'COMPLETE' protease 

inhibitor, forskolin, nordihydroguaretic acid (NDGA), purified factor X, human thrombin and 

wortmannin were obtained from Sigma. Plasma purified factor Vila and the MEK-inhibitor 

PD98059 were purchased from Alexis. Recombinant factor Vila was from Novo Nordisk. 

The Src-inhibitor PP1 was acquired from Biomol and recombinant hirudin was obtained from 

Fluka. 

Cell culture- A14, Cos, Rati, and 293 cell lines were cultured according to routine 

procedures. Expression of RacN17 in stably transfected Rati cells was inhibited with 1 ug 

tetracycline/ml medium (21,22). Inhibition of PI3 kinase was performed by adding 

wortmannin to a final concentration of 100 nM (23). Inhibition of MAP kinase was performed 

using forskolin in a final concentration of 2 uM (24) or PD98059 in a final concentration of 

10 uM (25). Rho-activation was inhibited by treatment of cells with 20 uM NDGA (21). 

NDGA, Wortmannin, forskolin, and PD98059 were added 10 minutes prior to the experiment. 

The tyrosine kinases of the Src family were inhibited by adding PP1 to a final concentration 

of 20 uM 30 minutes prior to the experiment. Factor Vila was added in a final concentration 

of 10 fig/ml for 10 minutes. 

Immunofluorescence experiments- Cells were grown on glass covcrslips and serum starved 

for 24 hours. After appropriate incubation, the cells were washed with PBS and fixed with 4% 

formaldehyde in PBS for 20 minutes at 4°C. The cells were lysed and blocked with 0.1% 

BSA in PBS, supplemented with 0.1% Triton X-100 for 1 hour and stained with phalloidin-

TRITC, diluted to a final concentration of 10 ug/ml (1:100) in PBS, supplemented with BSA 

and Triton X-100 for 1 hour. The coverslips were washed with PBS, mounted with glycerol-

gelatin and studied under the fluorescence-microscope. 
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Rac/Cdc42-activation experiments- Rac-activation experiments were performed as 

described by Sander et al. (26), with some modifications. A bacterially expressed fusion 

protein was used, consisting of an N-terminal GST-part and a C-terminal part containing an 

amino acid sequence matching the Rac-GTP-binding domain of PAK. Bacterial cultures were 

grown to an ODf,oo of 0.6 and after centrifugation, and lysed in PBS containing 100 mM 

EDTA and 1% Triton X-100 with freshly added "COMPLETE", and fusion proteins were 

isolated with glutathion agarose. After appropriate stimulation cell lysates were prepared by 

scraping in Fishbuffer (20 mM Tris, pH 7.4; 10% glycerol; 1% NP-40; 100 mM NaCl; 2mM 

MgCb). Per 300 pi cell lysate, 100 pi 50 % slurry was added and this was incubated for 30 

minutes at 4°C. Beads were isolated and washed extensively and resuspended in 2X sample 

buffer (125 mM Tris/HCl, pH 6.8; 4% SDS; 2% (3-mercapto ethanol; 20% glycerol, 1 mg 

bromophenol blue). Rac and Cdc42 activation was assessed using SDS-PAGE and 

immunoblotting employing a Rac-antibody and chcmoluminescence. 

SAM68-phosphorylation assay- Serum starved A14 cells, grown in 10 cm dishes, were 

incubated with factor Vila for various times, washed in ice-cold PBS and lysed in 0.5 ml of a 

non-denaturing lysisbuffer (10 mM Tris/HCl, pH 7.4; 50 mM NaCl; 50 mM NaF, 2 mM 

MgCl2; 1 mM CaCl2; 1% Triton X-100; 100 uM Na3V04; "COMPLETE'). The lysates were 

centrifuged for 10 min. at 13,000 rpm, and ATP (200 pM) and SAM68 (2 pg/ml) were added. 

The reaction was performed at 30°C for 30 min. Subsequently, SAM68 was 

immunoprecipitated by incubating the samples with a Sepharose-conjugated polyclonal 

SAM68 antibody for 1 hour at 4°C. The immunoprecipitate was loaded on a 10% SDS-PAGE 

and immunoblotted with PY20. The specificity of the assay for Src-like kinase enzymatic 

activity was demonstrated by the sensitivity of the assay to the Src-like kinase inhibitor PP1 

(not shown). 

Activation of different Src-family members was determined after stimulation for 7.5 minutes 

with factor Vila. Subsequently the cells were washed with cold PBS and lysed in 0.5 ml non-

denaturing lysisbuffer. After centrifugation, 0.25 ml of the lysate was precleared with 40 pi 

50% protein A-sepharose for 1 hour at 4°C and incubated with 1 pg of Src-, Fyn-, Lyn-, or 

Yes antibody for 4 hours at 4°C. The lysates were incubated with 40 pi 50% protein A-

sepharose for 1 hour at 4°C and centrifuged for I minute at 6,000 rpm. The beads were 

washed twice with lysis buffer and once with kinase buffer (25 mM Tris, pH 7.5; 5 mM p-

glyccrolphosphate; 2 mM DTT; 0.1 mM Na3V04; 10 mM MgCL). Subsequently, the beads 
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were resuspended in 50 pi kinase buffer supplemented with 2 ug SAM68 and 200 pM ATP. 

The kinase reaction was performed at 30°C for 30 minutes, either in the presence or absence 

of PP1 and studied using 10% SDS-PAGE and probing with PY20. 

Phosphoinositide measurements- A14 cells were grown in 12 wells in inositol-free DMEM 

(Gibco), supplemented with 1% inositol-free FCS, until 40% confluence. The cells were 

labeled for 2 days with 10 uCi H-inositol. Subsequently, the cells were serum starved for 4 

hours and stimulated with factor Vila. The cells were scraped in 1 ml methanol at -20°C and 

lipids were extracted by adding 0.5 ml HCL/H2O (1:50) and 1 ml chloroform. The chloroform 

fraction was isolated and vaporized. The remainder was dissolved in 50 ul 

chlorofonn/methanol/FbO (72:25:2) and spotted on TLC plates. The TLC plates were run in 

chloroform/methanol/NHLjOH (90:70:4.3 M final cone). A TLC scanner was used to 

determine the relative amounts of PIP, PIP2 and PIP3. 

p38 MAP kinase, PKB and p42/p44 MAP kinase analysis- For analysis of PKB, p38 MAP 

kinase and p42/p44 MAP kinase activation, cells were serum starved for 24 hours and 

appropriately stimulated, washed with ice-cold PBS and scraped in 150 pi 2x sample buffer. 

50 pi samples were loaded on SDS-PAGE and analyzed after immunoblotting, using 

phosphospecific antibodies. Equal loading was verified by Coomassie Brilliant Blue staining. 

Chemoluminescence was performed and detected as described earlier. 

Chromogenic substrate analysis- Human thrombin or factor Vila were diluted in Tris-

buffered saline (TBS; 25 mM Tris. 150 mM NaCl, pH 7.4) to 1 U/ml or 10 pg/ml 

respectively. The dilutions were either left untreated or preincubated with 4 U/ml hirudin for 

10 min. Final volume was brought to 100 pi. 25 ml of chromogenic substrate (Chromogenix) 

was added and the reaction was monitored for 5' at 37°C, using an ELISA-reader at OD405. 

Subsequently the Vmax was determined for all reactions. 

Cell transt'ections- HEK 293 cells were transfected with the construct 10.3-hTF (kindly 

provided by dr. H. ten Cate) containing full length human tissue factor, using Fugene 6 from 

Boehringer Mannheim. Transfections were performed as recommended by Boehringcr 

Mannheim. 
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Results 

Addition of factor Vila to fibroblasts results in filopodia and lamellipodia production-

Both blood vessel formation and cell migration are regulated by TF and are typically 

associated with cytoskeletal alteration and a recent study by Ott et al. (27) has shown that 

TF/factor Vila interaction results in cortical actin reorganization. To obtain more insight into 

the effects of TF, we made use of an A14 fibroblast system since Fibroblasts are well known 

for their constitutive expression of TF (e.g. 28). Therefore we stimulated A14 cells with 

human factor Vila for various time periods and investigated changes in the actin cytoskeleton. 

It is well established, however, that the presence of stress fibers may mask other actin 

reorganization events like ruffling, lamellipodia and filopodia (29,30), events that are more 

indicative for cell migration than stress fiber formation is (31). Therefore, we treated cells 

with NDGA, which impairs the stress fiber-inducing GTPase Rho (22). Subsequent 

stimulation with factor Vila indeed revealed the formation of filopodia (Fig. \C.E,G,I,K.L) 

and both lamellipodia (Fig. \D,F,H,J,K) as well as membrane ruffles (Fig. I I ) , structures 

associated with activation of Cdc42 and Rac respectively. These observations indicate, 

therefore, that TF/factor Vila signal transduction involves both Rac and Cdc42-dependent 

signaling. 

Factor Vila- induced activation of Rac and Cdc42 is sensitive to the Src-family member-

and PI-3 kinase-inhibitors PP1 and wortmannin- We directly tested the effects of factor 

Vila addition to fibroblasts on Cdc42 and Rac using the association of p65PAK to Rac and 

Cdc42. As p65PAK binds only to the GTP-bound forms of these proteins, such binding 

represents activation of Rac and Cdc42 (32). This type of assay was used successfully to 

demonstrate Rapl activation in human neutrophils (33) and Rac activation by Tiam (26). We 

observed enhanced levels of activated Cdc42 and Rac in lysates of factor Vila-stimulated 

cells. This response was comparable to the response induced by TNFa and insulin, well-

known activators of Cdc42 and Rac (29,34-36) (Fig. 2). These experiments confirm, 

therefore, the activation of Rac and Cdc42 by factor Vila in fibroblasts, as was inferred from 

the effects on cytoskeletal organization. We also tested the effect of various pharmacological 

inhibitors on Rac and Cdc42 activation. Importantly, both PP1 and wortmannin, specific 

inhibitors of Src-like kinases (37) and PI3 kinase respectively (23), abolished factor Vila 
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Figure 1: TF/factor Vila interaction induces filopodia, as well as lamellipodia and ruffling. Serum starved 

cells, treated with NDGA for 10 min. were stimulated with purified human factor Vila for various time periods. 

A.B. Unstimulated cells. C, factor Vila 2.5 min; D, E. factor Vila 5 min. F.G. factor Vila 10 min. H.I. factor Vila 

15 min. J.K. factor Vila 20 min. L. factor Vila 30 min. The white bars in the figures represent 20 pm. A full color 

version is available on page 184. 
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Figure 2: TF/factor Vila interaction results in 

activation of Cdc42 and Rac via c-Src and PI3 

kinase. A14 cells were serum starved and stimulated 

with purified human factor Vila, in the presence of 

the Src-inhibitor PPI or wortmannin (Wm). Cells 

/-• i M n - r n were also incubated with insulin or TNFa to obtain 
Cdc42-GTP 

Rac-GTP a positive control. Active Cdc42 and Rac were 

isolated, loaded on a 12% SDS-PAGE and 

inimunoblotted with a Rac-antibody, which has 

cross-reactivity with Cdc42. 

activation of Cdc42 and Rac (Fig. 2), suggesting that Src-like kinases and PI3 kinase are 

required for the Cdc42 and Rac activation in response to factor Vila. 

Factor Vila-treatment of cells leads to activation of c-Src, Lyn and Yes but not Fyn- The 

observation that pharmacological inhibitors of Src-like kinases impair factor Vila-dependent 

Cdc42 and Rac activation suggests that such kinases participate in TF/factor Vila signal 

transduction. Therefore, we directly assessed enzymatic activity of these enzymes using the in 

vitro phosphorylation of the Src-family substrate SAM68 (Src-Associated in Mitosis) (38,39) 

0' 2.5' 5' 7.5' 10' 

B 

A 
\ «V 

<*vc<* < 
^-~~ 

cT <*<*<* 

• — 

IPraSrc IP:aLyn 

. . « . 

Figure 3: Activation of Src-like kinases by-

factor Vila. A, FVIla-induced Src-like kinase 

activity was measured by incubating lysates, 

prepared from cells treated with purified 

human factor Vila for the indicated limes, with 

ATP and the Src-substrate SAM68. After 

incubation. SAM68 was immunoprecipitated, 

loaded on a 10% SDS-PAGE and 

immunoblotted with PY20. B. Al4 fibroblasts 

were serum starved and stimulated with factor 

VIla for 7.5 minutes. The Src-family members 

phospho-Sam68 C-Src- L>"- F.v" cl,ul Yes were 

immunoprecipitated and used for an in-vitro 

kinase assay either in the presence or absence 

of the Src-like kinase inhibitor PPI. The 

phosphorylated substrate, SAM68 was 

immunoblotted and detected with PY20. 

& 

phospho-Sam68 

IP: a Yes IPraFyn 
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as a read-out. As shown in Fig. 3A, the SAM68-phosphorylating activity is enhanced in 

lysates obtained from factor Vila-treated A14 cells, a maximal effect being reached after 7.5 

min. These results demonstrate that a Src-likc kinase is activated in response to factor Vila. 

To assess the nature of the Src-family member involved, several of these kinases were 

immunoprccipitated and subjected to a similar in-vitro kinase assay. As shown in Fig. 3B, an 

antibody directed against the c-Src homologue Fyn did immunoprecipitate SAM68-

phosphorylating enzymatic activity, but this activity was not enhanced in factor Vila treated 

cells. In contrast, immunoprecipitation of Yes revealed strongly enhanced kinase activity in 

factor Vila treated cells (Fig. 3B), whereas also c-Src and Lyn showed some increased 

activity. The specificity of the assay was demonstrated by its sensitivity to PP1 (Fig. 3B). We 

concluded that factor Vila-treatment of cells leads to activation of Yes and to a lesser extent 

c-Src and Lyn, whereas Fyn is not a target for factor Vila dependent signal transduction. 

Factor Vila produces PPl-sensitive PI3 kinase activation- Subsequently, we assayed the 

effects of factor Vila on phosphoinositide formation. As shown in Fig. 4, cellular PIP, PIP2 

and PIP3 levels transiently increase after TF/factor Vila interaction. The specificity of the 

latter response was demonstrated by its sensitivity to wortmannin (not shown). In order to 
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F i g u r e 4 : Factor Vila-treatment of cells results in 

phosphoinositide production. Cells were labelled 

with H-inositol and stimulated with human purified 

factor Vila for various times. After the lipid fraction 

of the cells was spotted and run on TLC-plates, PIP, 

PIP: and PIP; levels were determined as percentages 

of the total amount of phosphatidylinositides using a 

TLC-scanner. Experiments were performed in 3-fold. 

SEM are depicted. 
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Figure 5: Stimulation ofc-Akt/PKB by factor Vila. A. After serum starvation, AN cells were stimulated with 

human purified factor Vila for the indicated times. B. Cells were serum-starved (lane 1) and prior to stimulation 

with factor Vila (lane 2) they were preincubated with either PP1 (lane 3) or wortmannin (lane 4). Cell lysates 

were loaded on a 10% SDS-PA GE and Western blotting was performed using either a phosphospecifie Ser4 c-

Akt/PKB antibody, or an antibody directed against total Akt/PKB. 
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Figure 6: TF/factor Vila leads to a c-Sre-, PI3 kinase- anil Rac-clependentp38 MAP kinase activation, but 

not JNK activation. A. Serum starved AI4 cells were stimulated with purified human FVIIa after being 

preincubatecl with Src-inhibitor or wortmannin. To obtain a positive control, cells were incubated with insulin. 

Cell lysates were loaded on a 10% SDS-PAGE and iinmunoblotted with phosphospecifie p38 MAP kinase 

antibody. B. Both A14 cells and C. Rat-1 cells expressing the dominant negative RacN17 were serum stan-ed 

and stimulated with FVIIa for the indicated times. Cell lysates were loaded on a 10% SDS-PAGE and 

iinmunoblotted with phosphospecifie p38 MAP kinase antibody. D, A14 cells were stimulated with factor Vila 

for the indicated times and lysates were subjected to Western Blot analysis with phosphospecifie JNK 

antibodies. 

confirm PI3 kinase activity we assessed c-Akt/PKB activation. The latter kinase is a well-

known downstream target for PI3 kinase, and as shown in Fig. 5 factor Vila strongly 

enhances the Ser473 phosphorylation ofc-Akt/PKB. This activation was sensitive to both the 
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Src-family inhibitor (PP1) and wortmannin suggesting that Src-like kinases act upstream of 

PI3 kinase in our experimental system. Together these data establish PI3 kinase and c-

Akt/PKB as mediators of TF/factor Vila signaling, downstream of a Src-like kinase. 

Factor Vila activates p38 MAP kinase in a Rac-dependent fashion, but not JNK- The 

notion that a Src-like kinases- and PI3 kinase-dependent signaling pathway mediates the 

factor VII-induced activation of Rac and further downstream signaling, was confirmed by 

experiments investigating the phosphorylation state of p38 MAP kinase. Rac is a well-known 

activator of p38 MAP kinase (40,41), and as depicted in Fig. 6A, addition of factor Vila to 

cells resulted in increased phosphorylation of p38 MAP kinase, comparable to that mediated 

by insulin, an activator of p38 MAP kinase in many cells (42,43). This increase was sensitive 

to preincubation with either wortmannin or PPL Furthermore in cells expressing the dominant 

negative RacN17 (30), factor Vila did not activate p38 MAP kinase (Fig. 65), whereas in the 

Rati parental cell line, from which the RacN17 cell line is derived, factor Vila-mediated p38 

MAP kinase activation was readily detected. Another possible Rac target is JNK, and we also 

assessed possible activation of JNK in our system. However, as shown in Fig. 6C, JNK is not 

a target of factor VIIa/TF-mediated signaling. We concluded that the Src/PI3 kinase/Rac-

signaling module mediates p38 MAP kinase activation but not JNK activation after exposure 

of cells to factor Vila. 

Factor Vila-induced p42/p44 MAP kinase requires a Src-like kinase and PI3 kinase but 

not functional Rac - Addition of factor Vila to TF-transfected cells was earlier shown to 

result in activation of p42/42 MAP kinase (17). p42/p44 MAP kinase stimulation by several 

receptors lacking intrinsic enzymatic activity has been shown to involve Src-family members 

in lymphoid cells (44), although such a role for c-Src family members in non-lymphoid cells 

remains poorly defined. Therefore, we decided to test whether stimulation of p42/p44 MAP 

kinase by factor Vila involved a c-Src-like non-receptor tyrosine kinase. Addition of factor 

Vila was capable of mediating a PPl-sensitive p42/p44 MAP kinase phosphorylation (Fig. 

7). Also wortmannin abolished the factor Vila-induced p42/p44 MAP kinase phosphorylation 

(Fig. 1A), hence PI3 kinase is required for this activation. Rac, however, is not essential for 

factor Vila-induced p42/p44 MAP kinase activation as in Rac N17 expressing cells 

stimulation of this kinase is readily observed (Fig. 7C). We also tested the effect of forskolin 

treatment, (which inhibits c-Raf (24 and references therein)) and PD98059 (a specific 

inhibitor of the MAP kinase kinase MEK; (25)). Both conditions resulted in abrogation of 
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Vila-dependent MAP kinase phosphorylation (Fig. IB). Our data suggest, therefore, a triple 

function for the c-Src/PI3 kinase signaling module in factor Vila effects on cellular 

physiology: activation of c-Raf and MEK. probably via Ras, to produce phosphorylation of 

p42/p44 MAP kinase, activation of c-Akt/PKB, and stimulation of Rac for producing 

cytoskeletal reorganization and p38 MAP kinase activation. 
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phospho-p42 
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Figure 7: TF/factor Vila interaction results in a Src-, PI3 kinase-dependent, Rac-independent p42/p44 

MAP kinase activation. A. A14 cells were serum-starved (lane I) and subsequently stimulated with purified 

human factor Vila (lane 2). Prior to stimulation cells were preincubated with either wortmannin (lane 3). PPI 

(lane 4) or both (lane 5). EGF was used as a positive control (lane 6). B. Serum-starved cells (lane I) were 

treated mock (lane 2), with PPI for 30 min (lane 3), forskolin for 15 min (lane 4) or PD98059 for 30 min (lane 

5) prior to stimulation with factor Vila. EGF-stimulated cells were used as a positive control (lane 6). C. Serum 

starved A14 cells and Rat-1 cells expressing the dominant negative RacN17, were stimulated with factor Vila for 

the indicated times. Cell A sates were loaded on a 10% SDS-PAGE and immunoblotted with phosphospecific 

p42/p44 MAP kinase antibody. 

Factor VIIa/TF-specific signaling- To exclude possible contamination of our purified factor 

Vila with thrombin we employed a chromogenic substrate analysis. 1 U/ml thrombin was able 

to protcolytically cleave the chromogenic substrate, whereas the presence of 4 U/ml hirudin, a 

natural inhibitor of thrombin, totally abolished this cleavage. However, no hirudin-sensitive 

activity was detected using factor Vila (Fig. 8). Moreover, transient transfection of HEK 293 

cells with human TF induces purified Vila reactivity in these cells, whereas the thrombin 
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=£ > 
P 

Figure 8: Human plasma-purified factor Vila does not contain 

thrombin activity. Both human thrombin and purified human factor 

Vila were tested for thrombin activity in the presence and absence of 

the specific thrombin inhibitor hirudin, using a chromogenic substrate 

that is targeted by thrombin. The reaction was monitored for 5 min and 

Vmax was determined. The experiment was performed in 4-fold. SEM is 

depicted. 
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Figure 9: Factor Vila-, but not thrombin-mediated 

p42/p44 MAP kinase phosphorylation is TF-dependent. 

HEK 293 cells were transiently transfected with human TF. 

serum-starved and exposed to either 10 /.tg/ml purified 

human factor Vila or I U/ml human thrombin. The cell 

lysates were screened for p42/p44 MAP kinase 

phosphorylation by Western Blot, using phosphospecijic 

antibodies. 
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reactivity is unconditionally present in these cells (Fig. 9). Recombinant factor Vila was as 

active in our assays as purified factor Vila (Fig. 9). In addition, neither human thrombin nor 

factor Xa mimicked plasma purified factor Vila p42/p44 MAP kinase activation, rather factor 

Xa did not stimulate p42/p44 MAP kinase phosphorylation in A14 cells. Finally, the effectors 

of the TF-induccd c-Src/PI3 kinase signaling module identified in this study (c-Akt/PKB, p38 

MAP kinase. p42/p44 MAP kinase) were not effected by hirudin at concentrations (25 U/ml) 

that impaired thrombin-induced p42/p44 MAP kinase stimulation. Altogether, these data 

indicate that these signals were specific for factor VIIa/TF interaction and not caused by 

interfering contaminants. 

?<& 

phospho-p44 
phospho-p42 

phospho-p38 

phospho-PKB 

B & 

^ 

phospho-p44 
phospho-p42 

Figure 11: Factor Vila-dependentp42/p44 MAP kinase, p38 MAP kinase and c-Akt/PKB phosphorylation 

are hirudin-insensitive. Cells were preincubated with 25U./ml hirudin after which cells were subjected to 10 

/jg/ml factor Vila for 15 min (A). The subsequently prepared cell lysates were assayed Jar phosphorylation of 

p42/p44 MAP kinase. p38 MAP kinase and PKB phosphorylation with phosphospecific antibodies on Western 

Blot. Lane 1 represents the vehicle control, lanes 2 and 4 represent cells pretreated hirudin, lanes 3 and 4 

represent factor Vila-stimulated cells. (B) To validate the potency of our hirudin, cells were again pretreated 

with hirudin and incubated with lb'./ml thrombin for 5 min. The lysates were probed for phosphorylated MAP 

kinase with phosphospecific antibodies on Western Blot. Lane 1 represents the vehicle control, lanes 2 and 4 

represent cells pretreated hirudin, lanes 3 and 4 represent thrombin-stimulated cells. 
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Discussion 

TF has important coagulation-dependent and coagulation-independent functions. The latter 

include the regulation of angiogenesis (2-4), leukocyte migration (7), and inflammation (5,6). 

The molecular details of the underlying signaling pathways, induced by TF/factor Vila 

interaction, are still obscure. As many of the cellular effects of TF involve cytoskeletal 

reorganization, we investigated the role of Cdc42 and Rac proteins, both important regulators 

of actin remodeling (29,30). We demonstrated that addition of factor Vila to fibroblasts 

resulted in formation of filopodia, and both lamellipodia as well as membrane ruffles, 

structures that are thought to be highly indicative for Cdc42 and Rac activation respectively. 

A14 

Figure 12: Proposed mechanism of 

FVIIa-inducecl signaling in A14 

fibroblasts. FVlkv.TF targets an unknown 

transmembrane protein, likely to be a 

Protease-Activated receptor, leading to 

activation of the Src-P/3 kinase signaling 

cassette. P/3 kinase (PI3K) leads to 

phosphorylation oflJPKB, 2)p42/p44 MAP 

kinase and 3) the small GTPases Cdc42 

and Rac. These GTPases mediate 

cytoskeletal rearrangements such as 

lamellipodia ruffling and filopodia, 

structures that could mediate FVIIa-

induced cellular effects such as motility. In 

addition, activation of Rac leads to p38 

MAP kinase phosphorylation. 

lamellipodia filopodia 
ruffling 
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In agreement, direct activation of both GTPases in response to factor Vila was observed using 

an assay relying on the specific interaction of p65PAK with Rac and Cdc42. Interestingly, 

activation of these GTPases was sensitive to inhibition of Src-like kinases and PI3 kinase and 

we investigated the role of these signaling elements in factor Vila action. We observed 

activation of the Src-like kinases Yes, Lyn and c-Src and we observed stimulation of PI3 

kinase. Interestingly, the latter response was sensitive to PP1 and thus Src-like kinases appear 

to act upstream of PI3 kinase. This suggests that the recently described (c-Kit receptor-

induced) signaling pathway involving the sequential activation of c-Src and PI3 kinase 

leading to the activation of Rac (20) also mediates factor Vila stimulation of the Rac GTPase 

and that this pathway is also capable of activating Cdc42. 

A role of PI3 kinase upstream of Rac and Cdc42 is in agreement with the insight that this 

enzyme is a principle regulator of the actin cytoskeleton (45) via the activation of Rac-like 

proteins (46,47). We hypothesize, therefore, that the effects of factor Vila on angiogencsis 

and monocyte migration involve a factor Vila-dependent stimulation of Rac and Cdc42 and 

subsequent cytoskeletal reorganization. Furthermore, since Rac and Cdc42 are involved in 

tumorigenesis (22,48-50), Rac and Cdc42 activation by factor Vila may be implicated in 

tumorigenic effects associated with TF. The connection between TF signal transduction and 

the small GTPases of the Rho family may mediate important aspects of TF action in 

pathophysiology. 

Next to cytoskeletal rearrangements, Rac is implicated in the activation of p38 MAP kinase 

(40,41). We found enhanced p38 MAP kinase phosphorylation upon factor Vila stimulation 

which was sensitive to RacN17. Hence Rac-mediated p38 MAP kinase functions as an 

effector for factor Vila, maybe linking TF action to inflammation. 

TF-mediated activation of p42/p44 MAP kinase was first reported by Poulsen et al. (17). 

using TF transfected Baby Hamster Kidney (BHK) cells, a cell type that normally does not 

express TF. This MAP kinase activation was dependent on MEK and factor Vila protease 

activity. In accordance, MAP kinase activation observed in A14 cells was also dependent on 

MEK activity, whereas the sensitivity of this response forskolin also indicates that c-Raf is 

involved in MAP kinase stimulation. We observed that PI3 kinase and Src mediated this MAP 

kinase activation. In addition, the Src-like kinase/P13 kinase signaling module is responsible 

for c-Akt/PKB phosphorylation. c-Akt/PKB is a well-known downstream target of PI3 kinase 
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(51) and its activation thus further confirms PI3 kinase activation by factor Vila. As the Src

like kinase/PI3 kinase signaling module seems essential for stimulation of p42/p44 MAP 

kinase, the GTPases Rac and Cdc42, and c-Akt/PKB, we propose that this signaling module 

fulfils a key function in factor Vila signal transduction. 

The nature of the Src-like kinase mediating PI3 kinase activation remains obscure. We 

observed factor Vila-dependent increased enzymatic activity of Lyn, c-Src and in particular 

Yes, whereas Fyn was clearly not activated by factor Vila. However, both Yes, c-Src and 

Lyn were sensitive to PP1 in vitro and this inhibitor may therefore inhibit activation of these 

kinases in vivo (although inhibition of Yes by PP1 in vivo has not been reported). Therefore 

it remains unclear whether only one or possibly more of these kinases are responsible for the 

activation of the PI3 kinase/Rac/p38 MAP kinase and the PI3 kinase/p42/p44 MAP kinase 

modules. Moreover, roles for c-Src, Lyn, and Yes upstream of PI3 kinase have all been 

reported (52-57), and the nature of the Src-like kinase upstream of PI3 kinase awaits, 

therefore, further experimentation. 

Both p42/p44 MAP kinase and p38 MAP kinase show an initial decrease in phosphorylation 

during the first 5 minutes of stimulation with factor Vila, before an increase in 

phosphorylation occurs after 10 minutes. We do currently not know which signal transduction 

components are responsible for this effect, but it is tempting to speculate that a TF/factor 

Vila-activated phosphatase is responsible for this effect. As activation of tyrosine 

phosphatases is well known to be essential for activation of c-Src-like kinases (58), 

stimulation of such phosphatases is not entirely unexpected. It would be interesting to 

determine the identity and the involvement of such phosphatases and experiments addressing 

this issue are currently performed in our laboratory. 

Recently, Sorensen et al. (59) suggested the involvement of an additional transmembrane 

protein, involved in factor VIIa/TF-dependent signaling. Factor Vila uses TF rather as a 

docking site than as a receptor, subsequently proteolytically cleaving an as yet unknown 

Protease-activated Receptor (PAR). So far, only 4 PARs have been identified (PAR 1-4) and 

all reported to be activated by thrombin. This might explain the similarities found between 

thrombin- and factor VIIa/TF-dependent signaling. 
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