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Stellingen behorend bij het proefschrift " Factor Vila-induced signal transduction; 
possible explanations for tissue factor-associated events" 

1) Naast functies in ontsteking, atherosclerose, metastase, tumorgroei, angiogenese, 
ne-oangiogenese en signaal transductie, blijkt tissue factor ook belangrijk te zijn voor 
de stolling (dit proefschrift). 

2) Het gebruik van muizen als proefdier in tissue factor onderzoek is volledig nutteloos 
(dit proefschrift). 

3) Het cytoplasmatische gedeelte van tissue factor speelt een veel grotere rol in 
pathologische processen dan in fysiologische processen (dit proefschrift). 

4) Ohne Tissue Factor keine Gedanken 

5) Als stellingen in het leven zijn geroepen om de academische vorming van de 
promovendus te demonstreren, kunnen deze gezien de huidige trend om jan en 
alleman te citeren, beter afgeschaft worden. 

6) Nu de Nederlandse universiteiten overgaan op met bachelor-master systeem, zullen de 
studenten steeds minder academisch gevormd worden. 

7) De kwaliteit van onderzoeksresultaten lijken tegenwoordig niet meer afhankelijk van 
de kwaliteit van het experiment maar van de kwaliteit van de software 

8) Het enige op de NS stations dat nog slechter functioneert dan het dienstrooster, zijn de 
roltrappen. 

9) Multiculturele samenleving is een tegenstrijdigheid 

10) Al is je computer nog zo snel, Windows XP vertraagt hem wel. 

11) Sinds de kwestie Irak-VS zijn we respectievelijk een dictatuur armer en een dictatuur 
rijker. 

12) Het is makkelijker drugs het land in te krijgen dan gefixeerde cellen het land uit. 

13) Wie tijd heeft om zijn/haar bench op te ruimen doet niet genoeg experimenten. 
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Chapter 1 

1. TFin coagulation 

Tissue Factor (TF), also known as thromboplastin, is a 47 kDa transmembrane glycoprotein, 

found on the surface of various cells, and is the principal initiator of the extrinsic coagulation 

cascade. Consisting of 295 amino acid residues in total, the major part of TF comprises the 

219 amino acid extracellular region. In addition. TF contains a 29 amino acid hydrophobic 

transmembrane region and a C-terminal intracellular tail of 21 amino acids. Structurally, TF 

shares a high degree of homology with the interferon class of receptors (1) and the fact that 

the intracellular part of TF contains two putative phosphorylation sites, suggests a role for this 

protein in intracellular processes. 

As mentioned, TF is a key player in blood coagulation (e.g. (2,3)); as a consequence of the 

disruption of the vessel wall, TF-expressing cells located in the underlying cell layers will be 

exposed to the bloodstream. Upon binding of activated factor Vila (FVIIa). a coagulation 

factor circulating at low levels within the bloodstream, to TF the so-formed complex initiates 

1. initiation 

TF VII 

TF:VIIa 

2. propagation 

platelet activation 

Figure 1: Tissue factor as the activator of the Extrinsic Pathway. Upon vessel rupture, the transmembrane 

TF protein hinds to activated factor FVII (FVIIa). This complex proteolytically activates FX. leading to 

formation of thrombin from its precursor prothrombin Ilia and II respectively). Finally, thrombin activation will 

trigger fibrin deposition, thus creating a blood clot. Alternatively. FIX. normally activated by the intrinsic 

pathway, is converted to FIXa by the TF/FVIIa complex, leading to subsequent formation ofFXa. thrombin and 

fibrin deposition. 
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General introduction 

the extrinsic coagulation pathway; the TF:FVIIa complex proteolytically cleaves FX to FXa 

which in turn converts prothrombin to thrombin (fig.1). As a last step, thrombin will induce 

the formation of fibrin from fibrinogen thereby initiating the formation of a blood clot. It is 

now generally recognized, however, that the extrinsic coagulation pathway operates in close 

harmony with the intrinsic pathway. Whereas the intrinsic pathway was generally believed to 

be activated through exposure of blood to negatively charged surfaces it is now evident that 

triggering of this cascade occurs through TF-mediated conversion of FIX to FIXa. Tissue 

factor is widely distributed in many cell types. The role of constitutively expressed tissue 

factor in extravascular tissue, e.g. fibroblasts and smooth muscle cells as a hemostatic 

"envelope" outside the vasculature, poised to activate coagulation upon vascular injury is well 

established (4-6). Tissue factor is not normally expressed in blood vessels but intravascular 

cells, i.e. leukocytes and endothelial cells, may respond to extracellular stimuli or as a 

response to injury by expression of tissue factor (7,8). However, as will be discussed later, the 

physiological importance of TF expression in each of these intravascular cell types is 

unknown but may cause severe deregulation of physiological processes like hemostasis. 

Next to cell-type dependent distribution, TF/FVIIa activity is also regulated by a negative 

feedback loop; TF/FVIIa-induced cleavage of FXa triggers the expression of a Kunitz-type 

plasma protease inhibitor, known as tissue factor pathway inhibitor (TFPI). In addition to 

direct inhibition of FXa, TFPI is capable of forming a quaternary complex with FXa, TF and 

FVIIa, thereby inactivating this whole complex (9). 

In recent years, TF has been shown to play an important role in biological processes 

independent of the clotting cascade. As already stated above, TF and its natural ligand 

FVII/FVIIa are important players in inflammation, but also in processes such as neo-

angiogenesis, tumorigenesis and intracellular signaling. In this chapter we will summarize the 

pleiotropic effects of TF and finally we will discuss potential links between the physiological 

processes, which TF affects and the underlying signaling cascades. 

2. Tissue factor in (patho)physiology 

Tissue factor in sepsis and inflammation- Bacterial sepsis causes severe problems, 

associated with coagulopathy. One of the coagulatory disorders that is subject of extensive 

research is 'disseminated intravascular coagulopathy* or DIC; activation of the cytokine 

network, for example upon the invasion of micro-organisms, leads to widespread activation of 
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blood coagulation, resulting in fibrin formation, and consumption of clotting factors which 

predisposes to bleeding. In addition, the generation of multiple proteolytically active enzymes 

of the clotting cascade enhances inflammatory activity, which will worsen the systemic 

inflammatory syndrome that accompanies DIC. In contrast to earlier work, which pointed 

towards contact phase triggered activation of coagulation, the induction of coagulation is 

recently shown to be directly and solely related to tissue factor (TF) activity (10,11)). 

Disturbance of complex formation between TF and FVII/FVIIa has been shown to reduce 

sepsis-induced DIC in many studies, using different approaches. 

There are basically two distinct approaches to investigate the role of the coagulation pathway 

in sepsis, i.e. experimental endotoxemia and sepsis models. Experimental endotoxemia relies 

on the intravenous injection of a low dose of endotoxin (lipopolysaccharide. LPS) to human 

volunteers and/or chimpanzees, resulting in TF-dependenl coagulation (12.13) (fig.2). The 

LPS-induced activation of the TF system and subsequent activation of coagulation appears to 

be mediated by proinflammatory cytokines like TNFa, IL-1 and IL-6. TNFa administration 

to healthy volunteers elicited rapid activation of coagulation which was similar to that evoked 

by LPS (14). Whereas interventions with TNFa specific monoclonal antibodies proved unsuc-

LPS 

TF Expression 

Thrombin 
Generation 

Increased 
* Cytokine -

Production 
•> Inflammation 

Figure 2: Tissue factor as a key player 

in sepsis models. Bacterial organisms or 

their membrane components, like LPS. 

induce TF expression on intravascular 

cells, such as endothelial cells and 

monocytes. As a consequence, FVIIa 

binds to TF resulting in intravascular 

coagulation. Combined action of LPS and 

the coagulation pathway will trigger 

enhanced cytokine re/ease, giving rise to 

increased inflammatory reactions. In 

addition, the FVIIa/TF complex itself 

might also contribute to the rise in 

cytokine production. In various studies, 

anticoagulant strategies, such as TF 

antibodies, TFPI and active site-blocked 

FVIIa have proven potent inhibitors of 

DIC-induced cytokine production 
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cestui in preventing LPS-induced coagulation activation ( 15-17). monoclonal IL-6 antibodies 

do completely block this activation (18). In addition, IL-1 receptor antagonist also attenuates 

the activation of coagulation (19) by cither a direct mechanism or by inhibiting IL-1 induced 

cytokines. 

The alternative approach assessing the role of coagulation factors in sepsis involves lethal or 

sublethal challenge of animals with LPS or live bacteria. Sepsis-induced coagulation has 

especially been well documented in baboons. For instance, administration of 500 

micrograms/kg of either anti-TF immunoglobulin G (IgG) or anti-TF Fab fragments to 

baboons has shown to result in the attenuation of coagulopathy and protected against LD100 

infusion with Escherichia coli (20). Administering tissue factor pathway inhibitor (TFPI) to 

baboons already infused with LDioo E. coli also turned out to be highly protective (21). 

Moreover, whereas the E. co//'-injected baboons showed a mean survival time of 39.9 hours, 

E. coli/TFPI treated baboons survived for the full duration of the experiment (7 days). 

Consistent with the decreased serum levels of markers of hypoxia, acidosis and cell injury, 

TFPI provided morphologic protection to the organs from pathological changes. Interestingly, 

administration of TFPI also attenuated LPS-induced IL-6 production, whereas TNFa levels 

were not decreased after TFPI treatment. 

The observation that TFPI binds to LPS in vitro, thereby preventing LPS from binding to its 

receptor CD 14 (22), suggests that the TFPI-induced attenuation of IL-6 release might be in 

part direct and thus coagulation independent. Strong arguments against this hypothesis come 

from intervention studies with active site-inhibited FVIIa (DEGR-FVIIa) (23). Inactive FVIIa 

diminishes both the IL-6 and IL-8 responses in baboons injected with LDioo E. coli, whereas 

the LPS-induced TNFa response was insensitive to DEGR FVIIa. In addition, like TFPI, 

DEGR-FVIIa rescues baboons from the lethal injection of E. coli. Despite convincing 

evidence on the involvement of TF and FVIIa in inflammation, the involvement of 

coagulation in these responses remains obscure. 

The involvement of TF in inflammatory systems has also been studied on a cellular level; 

during inflammation, mononuclear phagocytes will cross the lymphatic endothelium in the 

basal-to-apical direction (reverse migration). Randolph et al. (24) showed that this process is 

dependent on the expression of TF on the surfaces of these cells. TF does not have 

chemotactic functions but rather adheres to an unknown binding site exposed on the 

endothelium, suggesting that mononuclear phagocytes use TF as an adhesive protein to exit 

the site of inflammation. 
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Proof for another TF-associated inflammatory event comes from studies addressing the ability 

of TF/FVIIa complexation to induce proinflammatory effects in macrophages (25). In TF-

expressing human monocyte-derived macrophages, administration of F Vila leads to 

production of reactive oxygen species (ROS). These ROS are potent killers of intracellular 

pathogens and, when released extracellularly. are effectors of inflammatory tissue injury. The 

production of ROS by FVIIa proves to be very specific since inactivated FVIIa, FXa and 

thrombin are all unable to produce these proinflammatory mediators. Interestingly, treatment 

of macrophages with a TF-antibody inhibits both ROS production and attenuate activation of 

peritoneal macrophages in vivo. 

Overall, the above-discussed data strongly suggest a direct role of TF and FVIIa in sepsis and 

inflammation by both extracellular and intracellular mechanisms. 

Tissue factor in embryonic vasculogenesis- It is generally accepted that TF is the primary 

initiator of blood coagulation, serving as a cofactor for FVIIa. Interestingly, it does not only 

play a role in maintaining blood vessel integrity but appears to play a pivotal role in the 

development of these vessels as well. This notion comes, among others, from experiments 

with heterozygous TF deficient (TF+/-) mice; in a 129/Sv X NIH Black Swiss background, 

TF deficiency causes catastrophic hemorrhaging into the yolk sac cavity between embryonic 

days (E) 8.5 and 9.5. No TF-/- embryos survived beyond E 10.5 (26), being the stage at which 

the extra-embryonic circulatory system is generated by vasculogenesis. This indicates that TF 

plays an indispensable role in establishing and or maintaining vascular integrity in the 

developing embryo at a time when embryonic and extra-embryonic vasculatures are fusing 

and blood circulation begins. TF deficiency in C57BL/6 X 129/Sv mice causes abnormalities 

of vascular pericytes, resulting in defective yolk sac vessel development and subsequent 

embryo wasting by E10.5 (27). As a result of these studies it is generally believed that TF 

plays an essential role in the regulation of blood vessel development in early embryogenesis. 

Recent observations however, shed a completely different light on the role of TF in 

embryogenesis and vascular development. Two populations of TF-/- embryos in the 129/Sv X 

C57BL/6 background are observed (28). One dies at midgestation and another dies at birth. 

Before birth these TF-/- embryos look normal and one TF-/- embryo delivered by Cesarean 

section lived four weeks before dying of a massive right cerebral hemorrhage. These results 

suggest that TF is not essential for normal cell proliferation but is instead necessary to survive 

major challenges to embryonic vascular integrity at midgestation and at birth. Analysis of the 

vasculature of TF-/- embryos revealed that endothelial cell differentiation is not disturbed, as 

-14-
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concluded from the presence of endothelial cell markers. Therefore it is hypothesized that the 

absence of TF does not lead to defective angiogencsis through deregulated endothelial cell 

differentiation, but rather has a direct effect on vessel structure (29). TF-dependent fibrin 

deposition is hypothesized to play a role, thereby providing an extracellular matrix component 

that regulates migration of endothelial cells to the developing vasculature. Another attractive 

theory might be TF-dependent expression of vascular endothelial growth factor (VEGF) in the 

embryo. VEGF plays an essential role in vascular development, and just like TF-/- mice, 

VEGF-/- mice die as a consequence of under-developed blood vessels. However, 

heterozygous VEGF deficient mice die as well, pointing out the critical importance of VEGF 

for embryonic development. 

TF in tumor angiogenesis and metastasis- In addition to the development of the embryonic 

vasculature by vasculogenesis, TF is also involved in post-natal angiogenesis, a form of 

vascularization highly associated with the process of tumorigenesis. A tumor consists of a 

heterogeneous cell mass that requires oxygen and other factors that facilitate cell growth and 

survival. Therefore, tumor growth will cease in the absence of tumor-localized vessel 

development. 

Targeting TF itself has proven a successful approach, at least in experimental models; 

transfecting TF antisense oligonucleotides into murine tumor cells or expressing a 

cytoplasmic domain-deleted, although still procoagulant-active TF mutant, drastically reduces 

tumorigenic potential and vascularization (30,31). Abe et al (32) demonstrated that deletion of 

the TF cytoplasmic domain in human melanoma tumor cells results in decreased expression 

of VEGF, indicating a role for the intracellular tail in VEGF production and tumor 

angiogenesis. Extracellular domain mutants expressed in human melanoma cells excluded the 

involvement of the extracellular domain and thus of the sequential activation of FVIIa, FXa 

and thrombin in tumorigenesis. In contrast, in human fibroblasts FVlla-induced VEGF 

production appears mainly linked to the proteolytic activity of the TF-FVIIa complex (33), 

resulting in the generation of thrombin (34). Therefore, it is well conceivable that TF-

dependent tumorigenesis and vascularization are dependent on both intracellular signaling, 

elicited by TF's cytoplasmic tail and the generation of thrombin by the TF/FVIIa/FXa 

complex. The latter may be accomplished by thrombin-induced upregulation of adhesive 

receptors and changes in cell-cell junction organization in endothelial cells (35). Furthermore, 

thrombin-induced cleavage of the so-called protease-activated receptors (PARs) generates a 

mitogenic signal in tumor cells and might enhance tumor cell survival (36). 

-15-
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Recently, new candidates as important players in TF/FVIIa-mediated tumor angiogenesis are 

identified (37). The administration of FVIIa to human fibroblasts leads to a FXa and 

thrombin-independent increase in mRNA-expression of Cyr61 and CTGF, which are genes 

encoding the extra-cellular matrix proteins Cyr61 and connective tissue growth factor. 

Whereas the Cyr61 protein acts as a ligand to integrin avb3 (38), a cell adhesion molecule 

implicated in cellular processes like angiogenesis and tumorigenesis. CTGF has strong 

mitogcnic potential. Therefore one might argue that FVIIa/TF-mediated tumor angiogenesis is 

accomplished through the expression of Cyról and CTGF. Although the Cyr61/CTGF 

mechanism provides an attractive and plausible explanation for FVIIa/TF-dependent tumor 

angiogenesis, the role of TF/FVIIa in tumor angiogenesis is long from resolved. 

Next to tumor angiogenesis, the role of TF in tumor growth extends to tumor metastasis; 

expression of tissue factor by melanoma cells promotes efficient hematogenous metastasis in 

severe combined immunodeficient (SCID) mice (39). Moreover, the process of metastasis is 

heavily impaired by inhibition of TF receptor function and the consequent reduction in local 

protease generation (36,39). Furthermore, metastatic cells have been shown to express a 100-

fold higher level of TF, adding to the evidence already pointing towards a role for TF in 

cancer. Inhibition of FVIIa, the natural ligand for TF, using active site inhibited FVIIa, 

drastically inhibits TF-drivcn metastasis as well, pointing out the requirement for FVIIa 

proteolytic activity in metastasis (40). 

Tissue factor in atherosclerosis- Atherosclerosis is the primary cause of heart disease in the 

western world and is a major cause of death. This progressive disease is characterised by the 

accumulation of lipids and fibrous elements in the large arteries (for an excellent review, see 

(41)). The accretion of lipoprotein particles in the intima of early lesions is followed by 

monocyte adherence to the surface of the endothelium. These monocytes transmigrate through 

the endothelial monolayer into the intima where they differentiate into macrophages, which 

take up lipoproteins turning into so-called 'foam cells'. Subsequent foam cell death and 

secretion of fibrous elements from accumulated SMC's eventually lead to plaque formation. 

Advanced lesions can block blood flow, however, the most important clinical complication is 

an acute occlusion as a consequence of thrombus formation, resulting in myocardial infarction 

and stroke. Plaque rupture has been recognised to be the main cause of thrombus formation. 

Pathological studies have identified TF as the major candidate molecule responsible for the 

thrombogenicity of ruptured plaques. Here, we summarise TF's role in atherosclerosis. 

-16-
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In situ hybridization and immunohistochemistry showed that cells within the atherosclerotic 

plaque express TF (4,5). Specifically, TF is localized in vascular SMC's, the extracellular 

matrix, foam cells, monocytes and even in endothelial cells overlying atherosclerotic plaques 

(42). In vitro studies focusing on the underlying mechanism of TF expression in 

atherosclerotic plaques have elucidated an important role of low-density lipoproteins (LDL). 

Oxidized LDL up-regulates TF in endothelial cells (43), whereas acetyl LDL induces TF 

expression in monocytes and macrophages (44,45). Moreover, growth factors like platelet 

derived growth factor (PDGF), thrombin and vascular endothelial growth factor (VEGF) may 

induce TF transcription. However, a large pool of TF remains intracellular. It merely appears 

to be the combination of growth factors that determines the intracellular / surface ratio. The 

latter suggests a delicate mechanism controlling the thrombogenicity of atherosclerotic 

plaques. Recently, the immunoregulatory signaling molecule CD40 has been identified in 

atherosclerosis associated cell types (46). As it is known that CD40 ligation induces TF 

expression, it is very well conceivable that CD40 is a major player in the thrombogenicity of 

atherosclerotic plaques (47). 

Evidence for a role of TF in atherosclerosis comes from the observation that both TF antigen 

and activity are frequently found in atherectomy specimens. The presence of TF is 

demonstrated in both cellular and acellular areas of the plaque (48,49). Ex-vivo experiments 

revealed that the amount of TF expressed in the atherosclerotic plaque is most abundant in the 

lipid-rich, acellular core. Correspondingly, thrombus-forming potential within the lipid core, 

when exposed to mildly heparinized blood, is six times increased compared to the cellular 

part of the plaque (50). The amount of TF expressed within the plaque appears to have 

important implications for the occurrence of thrombosis; TF activity is significantly higher 

within atherosclerotic plaques from unstable coronary syndrome patients than that of stable 

syndrome patients (51). 

Another intriguing aspect associated with atherosclerosis is an apparent discrepancy in the 

occurrence of a thrombotic event. Only approximately 50 % of TF-positive lesions leads to a 

thrombus, indicating that in many cases atherosclerotic plaques do not lead to thrombus 

formation. The mechanism responsible remains to be elucidated and is one of the best-kept 

secrets in atherosclerosis. Better established is the fact that plaque rupture-induced thrombosis 

is dependent on TF activity, supporting the hypothesis that upon plaque rupture the 

coagulation cascade is indeed initiated via the TF pathway. 

The appreciation of TF being the main initiator of thrombus formation after plaque rupture 

has led to the development of new treatment strategies in atherosclerosis aiming at decreased 
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thrombosis through direct interference with TF activity. In animal models, TFPI, monoclonal 

antibodies directed against TF and active site inhibited FVIIa are very successful in reducing 

arterial thrombosis (52-54). As an alternative approach, the inhibition of TF expression seems 

very promising; especially cAMP concentration-increasing agents, such as prostacyclin and 

its analogues (55), are effective, most likely through interference with NF-KB-dependent TF 

expression. Cytokines like IL-4. IL-10 and IL-13 have been reported to inhibit LPS- and IL-1-

induced TF-expression and are therefore additional candidate anti-thrombotic agents (56,57). 

Finally, n-3 fatty acids (58) and statins (59) strongly inhibit TF expression in blood cells, 

thereby potentially lowering the incidence of thromboembolic complications. 

3. Tissue factor as a signal transducer 

T F and Protease-activated Receptors- In the previous paragraphs of this chapter, we 

summarised current knowledge about the involvement of TF in physiology beyond its 

established coagulant activity. As evident from the above, the involvement of TF in 

inflammation, angiogencsis, tumorigenesis and atherosclerosis is indisputable, however the 

underlying mechanisms remain poorly understood. Realising that physiological responses are 

largely dependent on the intracellular state of the cells involved, it is of tremendous 

importance to deepen our knowledge concerning FVIIa/TF-induced signal transduction 

pathways. This prompted many researchers to investigate the potential of FVIIa and TF to 

induce signal transduction. As already mentioned, striking homology has been observed 

between TF and the interferon y-type receptors both in their secondary structure (amino acid 

composition, (1)) as well as in their tertiary structure (crystallographic structures, (60,61)), 

suggesting the possibility of FVIIa-induccd signal transduction via its receptor TF. 

A number of observations appear to validate the view of TF acting as the direct receptor prior 

to signal transduction. As already mentioned, the TF cytoplasmic tail has two potential 

phosphorylation sites, and these serine residues are readily phosphorylated upon PKC 

activation, thus creating potential docking sites for important signaling proteins. Second, in 

yeast two-hybrid studies the cytoplasmic tail has shown to contain a high affinity binding site 

for a protein known as actin-binding protein (ABP)-280 (62). Third, the cytoplasmic tail 

appears essential for the generation of calcium transients and for tumorigenic TF-effects, such 

as the generation of VEGF (see above). 

Another model for the initiation of TF dependent signaling has been put forward; in this 

model TF merely serves as a 'platform' for FVIIa. After binding of FVIIa to TF. the complex 
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proteolytically cleaves another transmembrane protein, leading to cellular responses. In this 

model, not TF, but rather another protein might function as the actual receptor. Observations 

supporting this model comprise the FVIIa-induced TF cytoplasmic tail-independent activation 

of signal transduction and the necessity of a proteolytically active FVIIa for intracellular 

signaling, as discussed below (63). The nature of the putative TF/FVIIa target is still subject 

of debate. A role in this respect has been ascribed to the protease-activated receptors, a class 

of receptors that needs proteolytical processing for activation. PARI, 3 and 4 are exclusively 

activated by thrombin, whereas PARI and PAR2 have been shown to be activated by FXa. 

Recently a role for PAR2 in FVIIa-induced signaling has been shown as well; in KOLF 

fibroblasts, only the combined expression of TF and PAR2 leads to FVIIa-induced calcium 

transients, suggesting a role for this PAR in TF/FVIIa-signaling (64). In contradiction with 

that, Petersen's group found no role for PARs at all, and therefore predict a role for another 

transmembrane protein, perhaps an unknown PAR (65). 

A new vision on FVIIa-dependent Protease-activated Receptor activation was provided by 

Riewald and Ruf (66); although FVIIa:TF and FXa were shown to separately induce 

signaling, the combination of these coagulation factors, immobilized in a ternary complex by 

using a Nematode Anti-Coagulant Protein C2 backbone, elicited signaling at lower 

concentrations than that triggered by the individual coagulation factors. Although FVIIa 

proteolytic activity in this complex was inhibited, FXa efficiently activated both PAR-1 and 

PAR-2. Thus, TF:FVIIa appears to induce signaling both via proteolytic activation of PAR-2 

at higher concentrations and via FXa-mediated PAR-1 and -2 activation at lower 

concentrations, likely by functioning as a docking site for FXa. 

Both the 'TF receptor' model and the PAR model of FVIIa:TF signaling are supported by 

sound experimental data, therefore it is hypothesized that TF signal transduction can occur 

through two pathways. First, TF functions as a true receptor, leading to calcium transients, 

ROS production and VEGF production. Alternatively, TF activates other transmembrane 

targets leading to activation of signal transduction independent of TF's cytoplasmic domain. 

Whether the alternative TF signaling pathways serve a delicate regulatory mechanism remains 

highly speculative. 

FVIIa:TF-induced calcium signaling- The first observation confirming a role for FVIIa and 

TF in signal transduction came from Rottingen et al., (67) who showed that FVIIa induced 

transient cytosolic calcium signals in J82 cells, transfected COS-1 cells. Madin-Darby Canine 

Kidney cells and human endothelial cells induced to synthesize TF (fig.3). This response is 
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critically dependent on the proteolytic activity of FVIIa and pre-incubation of cells with the 

phosphatidyl inositol-specific phospholipase C inhibitor U73122, but not tyrosine kinase 

inhibitors, abrogated FVIIa-induced calcium oscillations (68). These data suggest that the 

FVlla/TF interaction triggers the classical PLC/calcium pathway independent of tyrosine 

phosphorylation, suggesting PLCfB activity via a heterotrimeric G-protein rather than that of a 

receptor tyrosine kinase-stimulated PLCy. 

Recently, Camerer (64) and co-workers have demonstrated that in lung fibroblasts and 

Xenopus oocytes, only the combined expression of PAR-2 and TF could mediate FVIIa-

induced calcium transients and phosphoinositide hydrolysis. Absence of the TF cytoplasmic 

domain did not influence these outcomes, ruling out a role for this domain in FVIIa-induced 

calcium signaling in these cell types. 

Some recent observations, however, have made interpretation of these data rather difficult. 

Using the myoblastoma cell type U937. Cunningham et al found that FVIIa was able to 

induce PLC activity and calcium signaling and that these signals were highly dependent on 

the cytoplasmic tail of TF (25). Finally, in Baby Hamster Kidney cells stably transfected with 

TF (BIIKTF), FVIIa does not induce calcium signals (65). From these data it becomes clear 

that FVIIa:TF-induced signaling shows large variety and is absolutely dependent on the cell 

type used, as will also be clear from the following paragraphs. 

FVIIa:TF-induced MAP kinase signaling- Apart from calcium signaling, the interaction of 

FVIIa with TF has initially been shown to cause numerous intracellular processes, such as 

transcription of poly(A) polymerase in human fibroblasts and tyrosine phosphorylation in 

monocytes (69,70). The first report on FVIIa/TF dependent kinase activation (71) describes 

the transient activation of the pro-mitogenic p42/p44 MAP kinase. The activation of MAP 

kinase was shown to be dependent on the activation of the upstream MAP kinase kinase MEK 

since the MEK inhibitor PD98059 abolished this signaling. Furthermore, functional FVIIa 

was absolutely required for this effect, since FVIIa that was blocked in its active site, did not 

induce MAP kinase activation. Sorensen et al. (63) showed that deletion of the TF 

cytoplasmic tail does not abolish FVIIa-induced MAP kinase activation in BHKT cells and 

even complexation of soluble TF/FVIIa is sufficient to result in phosphorylation of this 

signaling mediator. 

Activation of p42/p44 MAP kinase has been extensively characterized in various other cell 

types, such as the spontaneously immortalized keratinocyte HaCaT, primary embryonic 

-20-



General introduction 

mouse fibroblasts and Madin Darby Canine Kidney cells (72, 73, 65). Therefore, activation of 

this kinase appears to be a major event in FVIIa:TF-induced signaling. 

A physiological role for this kinase in FVIIa:TF-signaling has been suggested to be activation 

of transcription factors, resulting in gene transcription (see below). Proof for a mitogenic 

function of FVIIa-induced activation of this kinase is non-existent, since FVIIa does not 

appear to have any mitogenic effects at physiological concentrations (74,75). 

Pathways 
activated 

Expressed 
genes 

CTGF 

ABP-280 

Ca*\ p42/p44 MAP kinase, 
p38 MAP kinase, JNK, 

NF-KB 

Cyril, CTGF, FGF-5 
IL-1% IL-8, hbEGF, 
collagenase, RhoB 

MIP2a, LIF 

Figure 3: FVIla-.TF-induced signal transduction. Upon FVIIa: TF complex formation, PAR-2 or a still 

unknown PAR is proteolytically activated. Subsequently, depending on the cell type, events such as calcium 

signaling, activation of the MAP kinase pathways and nuclear translocation of transcription factors such as NF-

kB takes place. This will eventually result in the upregulation of a set ofmRNAs. Alternatively, the cytoplasmic 

tail may bind proteins such as ABP-280 upon phosphorylation. The FVUa.TF complex may also serve as a 

scaffold for FXa, targetting PAR-1 and PAR-2. This will again lead to activation of MAP kinase pathways and 

transcription. Note that the pathways and genes shown in this figure, are those described in the literature, 

although each specific interaction might result in activation of additional pathways and genes. 

Next to p42/p44 MAP kinase, the MAP kinase family consists of at least two more major 

isoforms, being p38 MAP kinase and c-Jun N-terminal kinase (JNK), also termed Stress-

activated kinase (SAP kinase). Both kinases play a key role in inflammation and stress, but 

their role in intracellular signaling appears to be more diverse. Activation of both kinases 

upon FVIIa-stimulation has been reported in HaCaT cells, and similar to FVIIa-induced 

p42/p44 MAP kinase activation, p38 MAP kinase and JNK activation is highly dependent on 

FVIIa proteolytic activity (72). The physiological relevance of FVIIa/TF-induced p38 MAP 
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kinase signaling is still unknown, but it may turn out essential for TF-associated 

inflammation, angiogenesis and tumorigcnesis, via activation of gene transcription. 

TF as an extra-cellular substrate adhesion molecule- In addition to a function as a 

receptor, TF is also implicated in substrate adherence. As already discussed, TF-expressing 

granulocytes appear to bind to endothelial cells, using TF as a ligand-binding protein. 

Furthermore, J82 bladder carcinoma cells bind to coverslips coated with FVIIa, a process that 

was shown to be competitively inhibited by free TF extracellular domain. Cells respond to 

this adherence with cell spreading and cortical actin polymerization (62). Finally, spreading of 

.182 cells on FV1 la-coated coverslips induced phosphorylation of Focal Adhesion Kinase 

(FAK) to levels comparable to cells adherent to fibronectin. Since FAK is involved in focal 

adhesion complex formation and thus adherence, transient phosphorylation of this kinase 

upon FVIIa:TF complexation would support the hypothesis that TF is an adhesion molecule. 

FVIIa:TF-induced gene and protein expression- As already discussed, FVlla:TF induces 

activation of various MAP kinase family members. These kinases are well-known mediators 

of gene transcription via the phosphorylation of transcription factors. Therefore, it is no 

surprise that cells respond to FVIIa-stimulation with upregulation of a specific set of genes 

(Figure 3). Genes regulated by FVIIa can be divided into several categories; growth factors, 

cytokines transcriptional regulators and genes regulating cell organization and motility 

(76,77). Especially the growth factor genes attract substantial attention; FVIIa may not induce 

proliferation directly, but it could induce paracrine effects, leading to proliferation of cells, 

other than those targeted by FVIIa. In HaCaT cells FVIIa leads to upregulation of Fibroblast 

Growth Factor-5 (FGF-5), heparin-based Epidermal Growth Factor (hbEGF) and Connective 

Tissue Growth Factor (CTGF) mRNA, whereas in lung fibroblasts, FVIIa has been 

demonstrated to enhance CTGF and CyróJ mRNA expression. The latter two genes encode 

proteins that function as growth factors and extracellular matrix proteins, facilitating the 

process of angiogenesis and therefore attract major interest. Genes encoding proteins that 

mediate cell organization and motility include collagenase-l, collagenase-3 and RhoE. 

Although a role for these genes in TF-associated angiogenesis and metastasis remains 

speculative, it is well known that the proteins encoded by these genes facilitate cell 

detachment from the extracellular matrix and cell migration, processes that are required for 

both angiogenesis and metastasis. 
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Finally, as mentioned, FVIIa stimulates upregulation of IL-1/3, IL-8, MlPla and LIF, 

encoding cytokines. These small molecules act as messengers in the regulation of 

inflammatory processes and could form an explanation for TF's role in inflammation and 

sepsis. 

Up to now, only one of the above described FVIIa:TF-induced gene transcripts has been 

characterized on a protein level; in HaCaT cells, administration of FVIIa leads to a dose- and 

time-dependent upregulation of IL-8 protein. 

4. Aim and outline of this thesis 

It is indisputable that TF, apart from initiating the blood coagulation cascade, is an important 

player in a variety of pathophysiological events. The evidence for a role of TF in 

inflammation, angiogencsis, tumor metastasis and atherosclerosis is comprehensive and 

compelling. The appreciation that TF exerts its effects in a coagulation independent manner, 

highlights the potential significance of TF dependent intracellular signaling in physiology. 

However, despite growing knowledge concerning TF's role in signal transduction, a number 

of highly relevant questions remain unanswered, such as 'How does TF influence 

inflammation?', 'Why is TF indispensable for angiogenesis?' or 'What is the mechanism 

behind TF-mediated metastasis?'. 

Therefore, we asked ourselves the next questions; 

1) What is the nature of the cellular events induced by FVIIa:TF? Do these events 

include pathophysiological^ relevant processes such as cell motility, protein synthesis 

or cell survival? 

2) Which molecular signal transduction cascades lead to these FVIIa-induced phenomena 

and do cytoskeletal alterations play a role in FVIIa:TF signaling? 

3) How can cellular events and the intracellular events that lie at their basis explain the 

involvement of TF in the numerous processes that are described above? 

In our opinion, therefore, our efforts should be focused on the integration of TF-dependent 

signal transduction pathways in physiology. In chapter 2, we sought to characterize FVIIa-

induced signaling in a fibroblast cell line, since this type of cells is an ubiquitous TF-

expressing cell line. Since changes in the cytoskeleton lie at the basis of cell movement, a 
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process that associated with processes such as angiogenesis and metastasis, we also addressed 

the question whether FVIIa stimulation leads to cytoskeletal rearrangements. In chapter 3, we 

further explored FVIIa-signaling in a kcratinocyte cell line and in a cell type that does 

normally not express TF. transfected with the gene encoding TF. In this chapter we also 

characterized potential differences in FVIla:TF signaling. As discussed, FVIIa:TF mediate 

various physiological and pathological processes. These processes often depend on specific 

events such as cell proliferation and the synthesis of proteins. Therefore, in chapter 4 we 

tested whether FVIIa:TF interaction results in proliferation and protein synthesis. We have 

also determined the activational state of signal transduction components underlying these 

possible FVIIa:TF-induced events. FVIIa and TF play a large but still unclear role in 

inflammation. Therefore in chapter 5. we have explored the activation of signal transducers 

that are typically associated with inflammatory action: Jaks and STATs. In chapter 6, we have 

explored possible mechanisms other than proliferation that lead to FVIIa:TF-induced 

metastasis, such as induction of cell survival and adhesion independence. The role of the 

various parts of TF in physiology is discussed in chapter 7, in which we have performed an 

in-silico analysis. Finally, in chapter 8. we have attempted to find a solution for the often 

laborious work that accompanies the screening of activational states of signal transduction 

pathways, after stimulation of cells with agents such prostanoids or FVIIa. 
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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 
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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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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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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. 
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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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Abstract 

In recent years it has become clear that factor Vila (FVIIa) is not a passive mediator involved 

in the linear transduction of the coagulation cascade, but actively engages target cells to 

induce signal transduction and that this signal transduction fulfills critical functions in 

angiogenesis, arteriosclerosis and inflammatory processes. The details of coagulation factor-

dependent signal transduction are among the least understood in biology and thus we set out 

to establish the molecular events responsible for MAP kinase activation induced by the 

interaction of FVIIa with its cellular binding partner tissue factor (TF). We observed that in 

both BHK and HaCaT cells FVIIa-induced MAP kinase activation correlates with p21Ras 

activation, and that this p21Ras activation is essential for FVIIa-induced MAP kinase 

activation. In BHKTF p21Ras activation was mediated by the activation of protein kinase C, 

whereas stimulation of the Src kinase family mediated FVIIa-dependent p21Ras activation in 

HaCaT cells. Thus p21Ras activation is instrumental in FVIIa signal transduction and the 

FVIIa-dependent activation of p21Ras involves either PKC or Src-dependent mechanisms, 

maybe as a consequence of the cell type-specific expression FVIIa:TF-targeted secondary 

receptors. 
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Introduction 

Tissue factor (TF) was originally known for its role in blood coagulation; upon binding of TF 

to the zymogen FVII, the FVIIa:TF complex induces the formation of a blood clot via the 

sequential formation of FXa, thrombin and fibrin (1). Research, however, performed in the 

last decade demonstrated an important role for TF in inflammation, sepsis, angiogcnesis and 

metastasis (2-4). Furthermore, direct correlations between TF expression and advanced stages 

of malignancy have been observed in breast cancer, colorectal cancer, pancreatic cancer and 

glioma, suggesting a possible role for TF in tumor development (5-8). It is now believed that 

FVIIa-induced intracellular signaling on TF expressing cells is important for processes such 

as angiogcnesis and inflammation. Nevertheless, coagulation factor-evoked signal 

transduction in general and FVIIa-dcpendent signaling in particular remain among the least 

understood signaling cascades in physiology. It has become clear, however, that FVlla:TF 

interaction results in cytoskeletal rearrangements and in gene transcription (9-11). The latter 

may lead to synthesis of proteins, such as IL-8, which are potent inducers of inflammation 

and angiogenesis (12). 

One of the major pathways triggered by the FVIIa:TF complex is the Mitogen-Activated 

Protein (MAP) Kinase pathway. The MAP kinase family consists of several members, among 

which p42/p44 MAP kinase, p38 MAP kinase and c-Jun-N-terminal kinase are the most 

prominent. Although not all members of MAP kinase family arc activated in the various cells 

that react to FVIIa-stimulation, p42/p44 MAP kinase activation is consistently observed in all 

TF-expressing cell types investigated (9,13,14). Furthermore it has been shown that this 

p42/p44 MAP kinase activation mediates important downstream effects, like e.g. p90 Rsk 

stimulation (15). Strikingly, the nature of the upstream signal transducers that mediate 

p42/p44 MAP kinase activation remains unclear; some researchers have suggested the 

involvement of so-called protcase-activated receptors (PARs) (16). These G-protein-couplcd 

receptors which are activated upon proteolytic cleavage of the N-terminal part, consist of four 

known members; PAR-1 is activated by thrombin and FXa, whereas PAR-3 and -4 are 

exclusively activated by thrombin. Finally, PAR-2 is activated by both FXa and FVIIa. The 

involvement of PARs as receptors in FVIIa-induced signaling, however, has been questioned 

by other groups that have found no evidence for involvement of any of the known PARs in 

BHK cells stably transfected with TF (17). 
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Ras is a 21 kDa small G-protcin that is mutated in 30% of all human tumors, and therefore it 

is believed to play a key role in cell transformation. p21Ras activation will typically result in 

MAP kinase activation, but is not strictly essential for this process. The involvement of 

p21Ras in FVIIa-induced MAP kinase activation has not been addressed as yet. This 

prompted us to investigate the potential of FVIIa to induce p21 Ras activation in two different 

cell types. We show a transient activation of p21Ras upon FVIIa-stimulation in BHK cells 

and in spontaneously immortalized keratinocytes (HaCaT). Interestingly, regulation of 

p21Ras activation differs between these two cell types; whereas p21Ras activation in HaCaT 

is dependent on Src-like kinase activity, p21Ras activation in BHK cells is dependent on 

Protein Kinase C (PKC) activation and another yet to be identified signal transducer. We 

hypothesize that this differential activation of p21Ras may reflect the involvement of different 

receptors in the cell types investigated. 
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Experimental procedures 

Reagents- All phosphospecific antibodies were purchased from Cell Signaling Technologies 

(Beverly, MA), whereas antibodies against total MAP kinase were from Santa Cruz. The Ras 

activation kit and the antibody directed against p21Ras was from Upstate Biotech Inc. 

(Waltham, MA) and the monoclonal HA antibody was from Sigma (St. Louis, MO, USA). 

PP1 and GF-109203X were from Biomol and LY294002 was from Alexis (Montreal, Canada) 

Effectene transfection reagent was obtained from Qiagen (Westburg, Leusden, The 

Netherlands). Recombinant FVIla was from Novo Nordisk (Bagsvaerd, Denmark). Hiaidin 

was purchased from Calbiochem and TAP was a kind gift from Dr. George Vlasuk (Corvas 

International, San Diego, CA). Tissue Culture material was from Grciner Bio-one (Alphen a/d 

Rijn, The Netherlands). 

Cell lines- Wild type Baby Hamster Kidney (BHK) cells, BHK cells stably transfected with a 

construct, expressing full length TF (BHKTF; a gift from Dr Lars C. Petersen, Novo Nordisk, 

Maaloev, Denmark) were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) 

containing 10% fetal calf serum (FCS), 100 IU/ml penicillin, and 100 (ig/ml streptomycin, in 

a humidified environment at 37°C. HaCaT human keratinocytes were cultured likewise. Prior 

to experiments, BHKTF cells were serum starved in DMEM for 16-18 hrs, whereas HaCaT 

cells were starved for 24 hrs. Half an hour before stimulation, cells were treated with the PI3-

kinase inhibitor LY294002 (10 uM), the Src-inhibitor PP1 (10 uM) or the PKC inhibitor GF-

109203X(10uM). 

Ras activation assay- The p21 Ras activation assay was performed according to the protocol 

supplied by the manufacturer. Briefly, cells, grown in 10 mm culture plates were stimulated 

with FVIla and subsequently washed with cold PBS. The cells were lysed in 1 ml lysisbuffer 

(25 mM HEPES (pH 7.5), 150 mM NaCl, 1% NP-40, 10 mM MgC12, ImM EDTA, 10% 

glycerol) and samples were taken for analysis of MAP kinase phosphorylation. Subsequently, 

cell debris was spun down at 14,000 rpm for 2 min and the supernatant was incubated with 10 

ml 50% agarose beads, coated with the Raf GTP-ras-binding domain for 30 min at 4°C. 

Subsequently, the beads were washed three times with lysis buffer and the beads were 

resuspended in denaturing sample buffer (125 mM Tris/HCl, pH 6.8; 4% SDS; 2% b-

mercaptoethanol; 20% glycerol, 1 mg/ml bromophenol blue). 
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Transfection and immunoprecipitation- Cells, seeded in 6-well plates, were transfected 

with Effectene, according to the manufacturer's protocol. Per condition. 0.2 mg pcDNA3-

HA-ERK1 (HA-p44) with either 0.2 mg vector pRSV-RasN17 (a gift from Dr. Paul Coffer, 

Department of Pulmonary Diseases. Utrecht University) or empty vector was co-transfected. 

After overnight incubation, the cells were serum starved for 16 h. and subsequently stimulated 

for the times indicated. The cells were lysed in 0.5 ml lysis buffer (20 mM Tris (pH 7.5), 150 

mM NaCl, 1 mM Na2EDTA. 1 mM EGTA. 1% Triton, 2.5 mM sodium pyrophosphate. 1 mM 

beta-glycerophosphate, 1 mM NasVO.». 1 ug/ml leupeptin) and were collected by scraping. 

Subsequently, the lysate was centrifuged at 14.000 rpm for 2 min, and the supernatant was 

precleared with 20 ml 50% protein A-sepharose for lh. The lysate was then incubated 

overnight with 1 mg HA antibody. The immuno complex was precipitated with 20 ml 50% 

protein A-sepharose for lh. The beads were washed three times with lysis buffer and were 

subsequently resuspended in 40 ml denaturing sample buffer. 

Western Blotting- The samples were incubated for 5 min at 95°C, after which 30 ml of the 

lysates were loaded onto SDS-PAGE and subsequently transferred to a PVDF membrane. The 

membranes were blocked with Tris-buffered saline (TBS) supplemented with 0.1% tween-20 

(wash buffer) and 2% low-fat milk powder, and incubated with primary antibodies over night 

at 4°C, diluted 1:1000 in wash buffer. Subsequently, the membranes were incubated with a 

horseradish peroxidase-conjugated secondary antibody in wash buffer, containing 2% low-fat 

milk powder. The bands were visualized, using Lumilight plus® ECL substrate from Roche 

and a chemiluminesccnce detector with a cooled CCD-camcra (Gencgnome) from Syngene. 

Antibody bands were quantified using Genetools from Syngene. 
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Results 

FVIIa induces p21Ras activation in BHKTF and HaCaT cells- FVIIa mediates activation 

of MAP kinase, but the molecular pathways mediating this effect are unclear. For instance, 

the involvement of p21Ras in FVIIa-dependent p42/p44 MAP kinase activation has not been 

addressed. We investigated the potential of FVIIa to induce p21Ras activation in BHK cells 

stably transfected with TF. To this end we made use of an experimental system that relies on 

the specific interaction between the p21Ras-binding domain of Raf and activated p21Ras 

(18). In this assay the p21Ras-binding domain is linked to agarose beads which are used to 

precipitate active GTP-bound p21Ras, without co-prccipitating the inactive GDP-bound form. 

BHKTF cells were stimulated with FVIIa for various times and p21Ras activation was 

analyzed. As evident from Fig. 1A, FVIIa induced a fast, transient activation of p21Ras 

within 5 min. As a control, also total p21 Ras levels were analyzed and these were not affected 

by FVIIa stimulation (Fig I A). The transient p21Ras activation correlated with the onset of 

p42/p44 MAP kinase activation, which was measured in the same samples using a 

phosphospecific antibody and Western Blotting (Fig IB). We also investigated FVIIa-induccd 

p21Ras activation in HaCaT cells , a cell type that endogenously expresses TF. As shown in 
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Fig 1: FVIIa induces p21Ras activation in BHK" cells. Cells were stimulated for the times indicated with 

100 nM FVIIa. After lysis, the amount of active p2IRas was determined as described in the methods section in 

BHKTF cells (A) and HaCaT cells (C). Prior to p21Ras analysis, samples were taken for total p21 Ras. In the 

same samples, phosphoiylated MAP kinase in BHK cells (B) and HaCaT cells (D) was analyzed. 
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Fig. IC, also this cell type displays transient p21Ras activation that returns to basal levels 

after 30 min, and again this correlated with p42/p44 MAP kinase phosphorylation (Fig ID). 

We concluded that a p21Ras activation that occurs concomitant with p42/p44 MAP kinase 

stimulation is a general feature of FVIIa-induccd signal transduction. 
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Fig. 2: F Vila-induced p21 Ras activation is independent of FXa or thrombin generation. BHKU (A) and 

HaCaT cells (B) were preincubated with 200 nM Tick Anti-coagulant Protein (TAP) or 25 U Hirudin (Hir) for 

30 min. Subsequently, cells were stimulated with 100 nM FV/ia for 5' and 15' respectively. p21Ras activation 

was assayed as described in the Experimental Methods. Prior to p21Ras analysis, samples were taken for total 

p21Ras. In the same samples, phosphoiylated MAP kinase in BHKn cells and HaCaT cells was analyzed. (C) To 

validate the potency of our TAP and hirudin. BHKTF cells were treated with TAP and hirudin as described 

before and were subsequently stimulated with the indicated concentrations of FXa and thrombin. The Western 

Blots represent three independent experiments. 
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FVIIa induces p21Ras activation, independently from FXa or thrombin generation- As 

FVIIa:TF-mediated FXa and thrombin generation have been known to interfere with FVIIa-

induced signal transduction, we determined the requirement for the formation of either FXa or 

thrombin for FVIIa-induced p2IRas activation. Hence, we pretreated cells with inhibitors to 

FXa and thrombin, Tick Anti-coagulant Protein (TAP) and hirudin respectively, before 

stimulating BHKTF with FVIIa for 5' and stimulating HaCaT cells for 10'. Pretreatment of the 

cells with the inhibitors, did not influence either FVIIa-induced p21Ras activation or p42/p44 

MAP kinase phosphorylation in either BHKTF (Fig 2A) or HaCaT cells (Fig 2B), whereas 

TAP and hirudin potently inhibited FXa- and thrombin-induced MAP kinase activation, 

respectively (Fig 2C). Therefore, FVIIa-dependent FXa and thrombin generation do not 

contribute to FVIIa-induced p21Ras activation and p42/p44 MAP kinase stimulation in our 

experimental set up. 

Ras activity is essential for FVIIa-induced MAP kinase activation- To address the issue as 

to whether activation of the MAP kinase pathway is actually dependent on p21Ras or whether 

this p21Ras activation is a coincidental phenomenon, we co-transfected cells with HA-tagged 

p44 MAP kinase and p21RasN17, an inactive p21Ras mutant. After stimulation, HA-p44 was 

immunoprecipitated, using a HA-antibody, and HA-p44 was analyzed for phosphorylation 

status on Western Blot. Both in BHKTF (Fig. 3A) and HaCaT cells (Fig. 3B), co-transfection 

of p21RasN17 resulted in diminished phosphorylation of HA-p44. Therefore, we conclude 

A B 

0' 10' 0' 10' 0' 20' 0' 20' IP:a-HA 

mock RasN17 mock RasN17 

Fig. 3: FVIIa-induced MAP kinase activation requires functional p21 Ras. BHK"' and HaCaT were co-

transfected with p2IRasNI7 and HA-tagged p44 MAP kinase. After serum starvation, BHKT' cells were 

stimulated for 10' (A) and HaCaT cells were stimulated for 20' (B), after which HA-tagged p44 was precipitated 

and analyzed for phosphorylation on Western Blot. Total HA-tagged p44 was determined using an antibody 

against the HA-tag. 
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that FVIIa-stimulated p42/p44 MAP kinase phosphorylation is dependent on functional 

p21 Ras and thus that the p21 Ras activation observed after FVIIa addition to cells is 

instrumental for p42/p44 MAP kinase stimulation. 

Ras activation in HaCaT cells is mediated by Src- In A14 fibroblasts, Src-like kinases 

mediate FVIIa-provoked MAP kinase activation (9). Hence we tested the involvement of Src

like kinases in FVIIa-induced p21Ras activation. As can be seen in figure 4A, in HaCaT cells 

FVIIa treatment caused substantial activation of Src, but also of PKC-like kinases, allowing a 

potential role for both kinases in FVIIa-dependent p21Ras activation. In agreement, in 

HaCaT cells PP1, a specific inhibitor of Src-like kinases, but not the PI3-kinase inhibitor 

LY294002 inhibited FVIIa-induced p21Ras activation (Fig 4B) as well as activation of 

p42/p44 MAP kinase to sub-basal levels (Fig 5). Interestingly, although PKC phosphorylation 

is observed after FVIIa administration, the PKC-inhibitor GF-I09203X did not inhibit MAP 

kinase phosphorylation, excluding a role for PKC-like kinases in this cell type. We conclude 

that in HaCaT cells this pathway is dependent on the stimulation of Src-like kinases, but not 

PI3-kinasc or PKC. 
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Fig 4: Src-like kinases mediate p21 Ras activation in HaCaT cells. (A) HaCaT cells were stimulated with 100 

nM FVIIa for the indicated times and the lysates were screened for activated Src-like kinases and PKC isoforms 

using an antibody against the phosphoiylaled forms of these proteins on Western Blot. (B) HaCaT cells were 

pretreated with the indicated inhibitors for 30 min at a concentration of 10 mM and subsecpiently stimulated 

with 100 nM FVIIa. p21Ras activation was assayed as described in the Experimented Methods. The lysate was 

analyzed for equal amounts of Ras on Western Blot. The Western Blots represent three independent experiments. 
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kinases results in abolished MAP 
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Early Ras activation in BHK cells is mediated by PKC- We subsequently investigated 

the upstream components leading to p21Ras and MAP kinase activation in BHKTF cells. 

Again, phosphorylation of both Src-like kinases and PKC-like kinases was observed in this 

cell type (Fig 6A). However, whereas PP1-treatment abolishes FVIIa-induced p21Ras and 

MAP kinase activation in HaCaT, PPI did not effect either Ras activation (Fig 6B) or p42/p44 

MAP kinase stimulation (Fig 7A) in BHK rF cells. In addition, preincubation with the PI3-

kinase inhibitor LY294002 did not have any effect, but pretreatment with the PKC-inhibitor 

GF-109203X, strongly delayed FVIIa-dependent p21 Ras activation (Fig 6A,B) and abolished 

early p42/p44 MAP kinase activation in BHKTF cells (Fig 7B). These data suggest that PKC 

activation is important in p21Ras activation in BHKTF cells but not in HaCaT cells. In 

addition, since PKC inhibition did not completely inhibit p21Ras-MAP kinase signaling, 

other signal transducers are likely to play a role in p21Ras-MAP kinase signaling in BHKTF 

cells. Thus, although the activation p21Ras seems to be a general feature of FVIIa-induced 

signaling, the molecular mechanisms by which this p21Ras activation is achieved shows 

considerable cell type specificity. 
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Fig 6: Inhibition ofPKC results in diminishedp21 Ras activation in BHK . (A) Activation o/'PKC and Src

like kinases in BHKTF cells was analyzed on Western Blot using phosphospecific antibodies against several 

PKC and Src isoforms, after a time-course with 100 nM ofFVI/a. (B) Cells were pretreated with 10 mM PPI. 

GF-I09203X or LY294002, before stimulation with 100 nM FV/la. Subsequently, p21Ras activation in BHKTF 

was assessed as described in the Experimental Methods. (C) Mock treated cells and cells treated with 10 mM 

GF-I09203X were also analyzed for active Ras in a time-course experiment. The Western Blots represent four 

independent experiments. 
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Discussion 

Among the major insights into the action of the various coagulation factors in pathology is the 

insight that such factors are not just passive mediators involved in the linear transduction of 

the coagulation cascade, but actively engages target cells to induce signal transduction. Many 

of the details of the thus-induced signal transduction remain obscure. In the present study we 

addressed the role of p21Ras in the MAP kinase activation induced by FVIIa, the natural 

ligand for TF. Our results show that p21Ras activation is instrumental in FVIIa signal 

transduction and the FVIIa-dependent activation, but that the molecular processes by which 

p21Ras activation is brought about show considerable cell type specificity, involving either 

PKC or Src-dcpendent mechanisms. Ras is an important oncogene that is mutated in 30% of 

all human tumors and excessive p21Ras activity leads to uncontrolled proliferation and 

transformation. Therefore, TF overexpression observed in cancers and associated with tumor 

growth, may lead to excessive p21Ras activation. We have however, previously shown that 

FVIIa does not act as a mitogen (15), excluding a role for TF in proliferation of tumor cells, 

but it may well be involved in synthesis of proteins that act as promoters of tumor growth. 
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In the present study we have shown for the first time that FVIIa induces activation of p21Ras 

and PKC. Furthermore, we show that in BHK rF cells, this PKC activation is only partially 

required for p21Ras and MAP kinase activation. In HaCaT cells, however, PKC is not critical 

for p21Ras and MAP kinase activation. In the latter cell type Src-like kinases seem cardinal 

regulators of this signaling cassette. Since inhibition of Src-like kinases by their specific 

inhibitor PP1 also inhibits PKC phosphorylation, Src-like kinase activation is very likely to be 

one of the main events in FVIIa-stimulated HaCaT cells. The question as to nature of the Src-

like kinase activated in HaCaT cells that is responsible for p21Ras activation and subsequent 

p42/p44 MAP kinase stimulation was not addressed in this study, but attractive candidates are 

either Yes or possibly a set of different Src-like kinases. We have previously shown that in 

A14 fibroblasts, FVIla-stimulation results mainly in Yes activity and to a lesser extent in Lyn 

and Src activity. Furthermore, Wiiger and co-workers found Yes associated to Pyk2 in FVIIa-

stimulated HaCaT cells, in agreement with a principal role for this Src-like kinase in FVIIa 

signaling (19). 

Also the nature of the PKC isoform involved in p21Ras activation in BHKTF cells remains 

unclear. PKC isoforms can be divided into three classes; 1: classical PKCs that are regulated 

by calcium- and diacylglycerol-responsive domains, 2: novel PKCs that are regulated by 

diacylglycerol- but not calcium-regulated domains, and finally 3: the atypical PKCs that lack 

either domain (20). A role for the classical PKCs, consisting of PKCa, PKCpM, PKCpTI and 

PKCy is unlikely, since FVIIa docs not induce calcium transients in BHK cells. Moreover, 

making use of phosphospecific PKCa and PKCfi antibodies we were unable to demonstrate 

enhanced phosphorylation and thus activation of this kinase (unpublished observations). 

Atypical PKCs, such as PKCA. and PKC^ have a molecular weight of 72-76 kDa in size. PKC 

activation observed in the present study was detected at a molecular size of approximately 82 

kDa. thus involvement of atypical PKCs appears unlikely as well. Thus until more data 

become available, we hypothesize that the PKC isoform or isoforms that mediate p21Ras 

activation in BHKT1 cells belong to the class of novel PKCs. 

It is tempting to speculate on the upstream mechanisms leading to activation of the PKC-Ras 

cassette and the Src-Ras cassette in BHKTF and HaCaT cells respectively. It is generally 

assumed that heterotrimeric G-protein coupled to PARs mediate signal transduction events 

elicited by FVIIa treatment. Since Pertussis Toxin does not impair FVIIa signaling 
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(unpublished data), Gi does not seem a major mediator in FVIIa-induced p21Ras activation. 

Also Gs and Gq activation is highly unlikely in view of the absence of FVIIa-induced cAMP 

generation and, in BHK1F cells, FVIIa-induced calcium signals respectively. Therefore, G12 

and G13, G-proteins that are also activated upon thrombin stimulation, at this point of time 

seem the most likely mediators of FVIIa signaling downstream of PAR activation. 

This differential activation of p21Ras in different cell lines might also reflect the different 

nature of the receptors involved; in HaCaT, FVIIa:TF has been shown to target Protease-

activated Receptor 2 (PAR-2), whereas in BHK cells involvement PAR-2 and other known 

PARs (PARI, PAR3, PAR4) was explicitly excluded. Therefore, it tempting to speculate that 

this difference in secondary receptors targeted after FVIIa:TF interactions is reflected in the 

difference of subsequent signal transduction observed with respect to mechanisms upstream 

of p21Ras activation. Disregarding these unknown details in FVIIa-induced signaling, 

however, we have demonstrated that FVIIa:TF induces p21Ras activation in BHK1F and 

HaCaT cells, and the pathways that lead to activation of p21Ras differ in different cell types. 

BHK" HaCaT 

Fig 8: Proposed mechanism for activation of the p21Ras-MAP kinase pathway in BHK11 and HaCaT. FVIIa 

stimulation results in activation of an unknown transmembrane protein or PAR-2 in BHKTF and HaCaT, 

respectively. IN BHK '. this will result in a partial PKC-dependent Ras and MAP kinase activation. In HaCaT. 

Src-family members are fully responsible for activation of Ras and MAP kinase. 
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Chapter 4 

Abstract 

FVIIa binding to tissue factor (TF) and subsequent signal transduction has now been 

implicated in a variety of pathophysiological processes including cytokine production during 

sepsis, tumor- and neoangiogenesis, and leukocyte reverse transmigration. The molecular 

details, however, by which FVIIa/TF affects gene expression and cellular physiology, remain 

obscure. Here we show that FVIIa induces a transient phosphorylation of p70/p85 ' and 

p90RSK, in BHK cells stably transfected with either full length TF or with a cytoplasmic 

domain-truncated TF, but not in wild type BHK cells. Phosphorylation of these kinases was 

also observed in HaCaT cells, expressing endogenous TF. Phosphorylation of p70/p85 

coincided with protein kinase B and GSK-3p* phosphorylation. Activation of p70/p85S6K was 

sensitive to inhibitors of PI3-kinase and to rapamycin, whereas phosphorylation of p90 

was sensitive to PD98059. FVIIa stimulation of p70/p85S6K and p90RSK correlated with 

phosphorylation of the eukaryotic initiation factor eIF-4E. upregulation of protein levels of 

e E F l a eEF2 and enhanced S-methionine incorporation. These effects were not influenced 

by inhibitors of thrombin or FXa generation and were strictly dependent on the presence of 

the extracellular domain of TF, but did not require the intracellular portion of TF. We propose 

that a TF cytoplasmic domain-independent stimulation of protein synthesis via activation of 

S6 kinase contributes to FVIIa effects in pathophysiology. 
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Introduction 

Tissue Factor (TF) is the principal initiator of the coagulation cascade in vivo (1,2,3) After 

binding to the zymogen FV1I, activation of the serine proteases FIX, FX and prothrombin 

takes place, eventually leading to platelet activation and fibrin deposition, inducing the 

formation of a blood clot. In addition recent research suggest that TF is implicated in various 

other physiological events, as is most dramatically demonstrated by the observation that TF 

knock-out mice die at day 9.5-10.5 of embryogenesis as a consequence of defective 

neoangiogenesis (4). Also, TF plays an eminent role in tumor angiogenesis, since interfering 

with the association of FVIIa to TF results in a dramatic reduction in tumor potential (5) as a 

consequence of reduced vascularization. Finally, TF/FVIIa complex formation is implicated 

in the inflammatory response, as evident from the upregulation of mRNA of pro

inflammatory cytokines (6), and from the reduction of LD]oo E. co//'-induced mortality of 

baboons infused with active site-inhibited FVIIa (7). Moreover, TF also regulates leukocyte 

trafficking since inhibiting TF with an antibody resulted in a significant reduction of 

mononuclear phagocyte's trans-endothelial migration (8). The molecular details of these 

effects, however, remains largely unresolved but are generally assumed to be a consequence 

of FVIIa-induced signal transduction in TF-expressing cells (reviewed in 9,10,11). 

A significant research effort has been devoted to FVIIa/TF-induced signal transduction 

resulting in the identification of FVIIa/TF-depcndent calcium transients (12,13), activation of 

polyA-polymerase (14) and activation of the p42/p44 and the p38 MAP kinase pathway (15-

18). The mechanism for the signal transduction across the membrane is still unclear but may 

involve the sequestration of FVIIa to the membrane by TF and subsequent proteolytic 

cleavage and activation of a protease activated receptor (PAR) that remains yet to be 

unequivocally identified (19-21). More, recently, we showed that FVIIa induces the activation 

of the Src family members c-Src, Lyn, and Yes, followed by stimulation of the small GTPases 

Rac and Cdc42. In turn Rac mediates p38 mitogen-activated protein (MAP) kinase activation 

and cytoskeletal reorganization, events which may be related to TF effects in angiogenesis 

and inflammation (18). Other studies have shown changes in the transcription of various 

cytokines and extracellular matrix components (6,22). Thus, although important aspects of 

TF/FVIIa signal transduction have now been uncovered, significant sections of this signal 
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transduction pathway remain to be explored, and in particular links to the translational process 

are largely unknown. 

This prompted us to study possible links between TF/VIIa-induced signal transduction and 

changes in translation. Initiation of protein synthesis is largely regulated by the kinases c-

Akt/PKB and the S6 kinases (e.g. 23,24). The latter proteins activate both the ribosome, by 

phosphorylation of the Ribosomal S6 protein, and eukaryotic initiation factors, that facilitate 

binding of the mRNA to the ribosome. In this study, we have investigated the activation of 

several protein synthesis mechanisms, and we show that FVIIa induces phosphorylation of c-

Akt/PKB, p70/p85S6K as well as p90RSK in MaCaT cells and BHK cells transfectcd with full 

length or cytoplasmic domain-deleted TF, but not in untransfected BHK. cells. Furthermore, 

eukaryotic initiation factor eIF-4E was similarly activated in the same cells. We show that 

activation of the translational machinery was specific for FVIIa and that this effect could not 

be inhibited by the specific thrombin inhibitor hirudin or the specific FXa inhibitor Tick 

Anticoagulant Protein (TAP). From these data we conclude that binding of FVIIa to cellular 

TF results in protein synthesis, independent of the TF cytoplasmic domain. 
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Experimental Procedures 

Cell culture- Wild type Baby Hamster Kidney (BHK) cells, BHK cells stably transfected 

with a construct, expressing full length TF (BHK lh) or a cytoplasmic domain truncated 

mutant (BHKTFAcyl°) (TF 1-247) were cultured, as described before (15,16) in Dulbecco's 

Modified Eagle's Medium (DMEM, Gibco) containing 10% fetal calf serum (FCS), 100 

IU/ml penicillin, and 100 ug/ml streptomycin, in a humidified environment at 37°C. HaCaT 

human keratinocytes were cultured likewise. Prior to experiments, BHK cells were serum 

starved in DMEM for 16-18 hrs, whereas HaCaT cells were starved for 24 hrs. Half an hour 

before stimulation, hirudin (25 U/ml), TAP (200 nM), LY294002 (10 \xM), or PD98059 (20 

uM) were added. The mTOR inhibitor rapamycin (20 ng/ml) was added for 15 minutes. 

Materials- Antibodies directed against phospho-PKBScr473, phospho-p70S6K"Thr389, phospho-

GSK3a/pSer21, phospho-p90RSKScr381, phospho-eIF-4ESer209 as well as peroxidase-conjugated 

Goat-anti-Rabbit antibody were purchased from Cell Signaling Technologies (Beverly, MA). 

All non-phosphospecific antibodies were purchased from Santa Cruz (Santa Cruz, Ca), except 

from the antibody raised against eEFla (Upstate Biotech; Waltham, MA). The eEF2 antibody 

was a generous gift from Dr. Angus Nairn (Rockefeller University, New York). "3S-

methiononine (Promix) was obtained from Amersham Biosciences (Piscataway, NJ). Bovine 

Serum Albumin (BSA), hirudin, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide) and rapamycin were from Sigma (St. Louis, MO). LY294002 as well as PD98059 

were from Alexis. Recombinant human FVIIa (NovoSeven*) and active site-inhibited FVIIa 

(FVIIai or FFR-FVIIa) were from Novo-Nordisk A/S (Bagsvaerd, Denmark). Insulin was 

from Eli Lilly (Nieuwegein, The Netherlands). TAP was a generous gift from Dr George 

Vlasuk (Corvas International, Inc., San Diego, California). 

Proliferation assay- BHK IF cells were seeded in 24-well plates and serum starved for 16 

hours in the presence of 0.1 mg/ml BSA. Subsequently, the cells were stimulated mock, with 

FVIIa, or with 10% FCS in DMEM. Cell proliferation was determined, using an MTT assay 

as described by Rubinstein et al (25). Briefly, after mock-stimulation or incubation with 

FVIIa or FCS, 0.5 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT) was directly added to the media, for 30 min at 37°C. Subsequently, the media were 
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aspirated and the cells were lysed in isopropanol/0.04 N HC1. The OD550 of this solution was 

determined, using an ELISA reader. 

Western blotting- Cells at 80% confluence were serum starved in DMEM for 16 hrs before 

incubation with the indicated compounds. After incubation, cells grown in 20 cm" dishes were 

kept on ice and washed with ice-cold phosphate buffered saline (PBS). After that, the cells 

were rapidly harvested by adding 100 pi of heated (95°C) sample buffer (125 mM Tris/HCl, 

pH 6.8; 4% SDS; 2% p-mcrcaptocthanol; 20% glycerol. 1 mg bromophenol blue) lysatcs were 

collected by scraping. After a 5 min incubation at 95°C, 30 pi of the lysates were loaded onto 

SDS-PAGE and subsequently transferred to a PVDF membrane. The membranes were 

blocked with tris-buffered saline (TBS) supplemented with 0.1% tween-20 (wash buffer) and 

2% low-fat milk powder, and incubated with primary antibody over night at 4°C, diluted 

1:1000 in wash buffer containing 2.5% BSA. Subsequently, the membranes were incubated 

with a horseradish pcroxidasc-conjugatcd secondary antibody in w;ash buffer, containing 2% 

low-fat milk powder. The bands were visualized, using Lumilight plus" ECL substrate from 

Roche and a chemiluminescence detector with a cooled CCD-camera (Genegnome) from 

Syngene. Antibody bands were quantified using Genetools from Syngene. 

'^S-methionine labeling- The cells were grown in 6 well plates until 75% confluence and 

scrum starved for 16 hours. The next day, 20 uCi/well of S-methionine was added, and 

incubated for 5 hours. Cells were stimulated with 100 nM FVIIa for the times indicated, in the 

presence or absence of inhibitors, or 170 nM (1 ug/ml) insulin. Control cells were left 

unstimulated. After incubation, the medium was aspirated and the cells were lysed in a 1% 

SDS solution in FTO. Trichloro acetic acid (TCA) was added to a final concentration of 15% 

and proteins were precipitated for 30' on ice. The lysates were centrifuged for 5' at 21.000 x 

G and the pellets were washed with 15% TCA. The pellets were resuspended in 400 pi 0.1 N 

NaOH. 3.6 ml scintillation fluid (Ultima Gold: Packard) was added and the number of 

disintegrations per minute (DPM) was determined using a scintillation counter (Packard). 

For immunoprecipitation, cells were grown and labeled as described above. After stimulation, 

cells were lysed in 600 pi non-denaturing lysisbuffer (20 mM Tris, pH 7.5. 150 mM NaCl, 1 

mM EDTA, 1 mM EGTA, 1%> Triton X-100. 2.5 mM sodium pyrophosphate, 1 mM b-

glycerophosphate, 1 mM Na:,V04, 1 pginl leupeptin, 1 pg/ml aprotinin and 1 mM PMSF) 

and scraped. The insoluble fraction was collected by centrifugation and the soluble fraction 
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was precleared with either protein G-sepharose or protein A-sepharose respectively. 

Subsequently, monoclonal anti-eEFla or polyclonal anti-eEF2 was added over night or for 2 

hours respectively, and the immune complexes were precipitated with either protein G-

sepharose or protein A-sepharose for 1.5 hours. After centrifugation, the pellet was washed 

three times with lysisbuffer and resuspended in 400 ul 0.1 N NaOH. Again, 3.6 ml 

scintillation fluid was added and the number of disintegrations per minute (DPM) was 

determined. 
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Results 

FVIIa does not induce cell proliferation- TF plays a pivotal role in vascular development 

and neoangiogenesis (e.g. 3,4). but the role of TF in such phenomena remains unclear. 

Therefore we investigated the capability of FVIIa of inducing proliferation in Baby Hamster 

Kidney cells stably transfected with TF (BHKTF; (15)). Cells were serum starved in DMEM 

and after 16 hours, proliferation was assessed, using an MTT assay, as described under 

Experimental Procedures. After mock stimulation, 100 nM of FVIIa, or 10% FCS for 24 

hours, proliferation was assessed again Fig. 1 shows that in contrast to stimulation with FCS, 

exposure to FVIIa did not result in any increase in proliferation within 24 hours. Thus cell 

proliferation appears not to be a plausible cause for the FVIIa/TF-induced effect on 

neovascularization and other mechanisms involving protein synthesis without cell division 

may be involved. 

Figure 1: FVIIa does not induce cell proliferation 

in TF expressing cells. BHKTF cells were serum 

starved for 16 hours in the presence of 0.1 % BSA. 

Subsequently, the cells were incubated with DMEM 

containing 100 nM FVIIa or DMEM containing 10% 

FCS for 24 hours. The cells were subjected to an MTT 

assay on t=0 as a control and after 24 hours. 

Experiments were performed in quadruple, standard 

deviations are shown. 

FVIIa induces c-Akt/PKB, S6 kinases, GSK3 a/p\ and eIF-4E phosphorylation in BHK 

cells, stably transfected with TF- Recently we have shown that exposure of A14 fibroblasts 

to FVIIa leads to activation of the anti-apoptotic kinase PKB (18). To investigate whether 

stimulation of PKB by FVIIa is restricted to these fibroblasts or may constitute a more general 

phenomenon in TF-dependent signal transduction, we subjected BIIKTF cells to 100 nM 

FVIIa for various times ranging from 5 min to 60 min. Lysates were analyzed for 
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phosphorylation of PKB, S6 kinases, GSK3 and eIF-4E by immunoblotting using 

phosphospecific antibodies. As can been seen in Fig. 2A, BHKTF cells show a transient and 

concentration-dependent phosphorylation of PKB in response to FVIIa, whereas media 

control experiments had no effect. Also, wild type BHK cells did not react to FVIIa (Fig. 2B). 

PKB and its upstream activator PI3-kinase are frequently associated with signaling events 

leading to protein synthesis; PKB activation leads to phosphorylation of the downstream 

A B 
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Figure 2: FVIIa induces transient phosphorylation of PKB, p70/p85S6K, GSK3, p9<fSK and eIF-4E in 

BHK , but not in wild type BHK cells. The cells were serum starved as described under Experimental 

Procedures and incubated with 100 nM FVIIa for the indicated times. The cells were lysed and analyzed by 

Western Blot for phosphorylation of the indicated proteins using phosphospecific antibodies. Panel (A) 

represents phosphorylation states of PKB. p70/p85S6K. GSK3. and p9(fSK in BHKTF cells. Panel (B) represents 

the phosphorylation state of the same proteins in wild type BHK cells. A 10 min incubation of the cells with 170 

nM insulin (I), a well-established inducer of protein synthesis, was used as a positive control. To test for ecpial 

loading, the Western Blots were reprobed for ft-actin (42 kDa). (CD) Cells were treated as described above and 

analyzed for elF-4E phosphorylation. An antibody against total eIF-4E was used to demonstrate ecpial loading. 

The Western Blots represent three independent experiments. 
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targets p70/p85S6K via mTOR. and GSK3. The S6 kinases mediate activation of the ribosome 

whereas phosphorylation and subsequent inactivation of GSK3 is a prerequisite for protein 

synthesis (26). Therefore we also investigated the effect of FVIIa on these kinases. Fig. 2A 

shows a transient phosphorylation of both p70/p85S6K and GSK3a/p. after stimulation with 

FVIIa. In addition we investigated the FVIla-induced phosphorylation of p90 . which 

phosphorylates the ribosomal protein S6 in vitro and, unlike the p70/p85S6K, is activated 

through the MAP kinase pathway (27). Activation of both p90RSK was observed in BHK 

cells (Fig 2A), but untransfected BHK cells did not display p90RSK activation in response to 

FVIIa (Fig 2B). Apparently, S6 kinase phosphorylation is a major event in FVIIa/TF-induced 

signal transduction. 

Next, we determined the phosphorylation status of the eukaryotic translation factor eIF-4E. 

which regulates translation initiation of a subset of highly structured growth-regulatory 

mRNAs. Phosphorylation of both eIF-4E and 4E-BP, the latter leading to its dissociation from 

eIF-4E, are brought about by the p70/p85S6K pathway, specifically mTOR (28). Accordingly, 

we observed a sustained phosphorylation of eIF-4E in BHKTF in response to FVIIa (Fig. 2C), 

whereas untransfected BHK cells were not responsive in this respect. (Fig. 2D). 
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Figure 3: Insulin-inducedphosphorylation ofPKB, p70/p85S6K, GSK3 andp90RSK in BHKT' cells. The cells 

were serum starved as described under Experimental Procedures and incubated with 170 nM insulin for the 

times indicated. The cells were lysed and analyzed by Western Blot for phosphorylation of the indicated kinases 

and proteins using phosphospeci/ic antibodies on Western Blot. Equal loading was tested by reprobing the blots 

with antibodies directed against total protein of interest. The Western Blots represent three independent 

experiments. 
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To compare FVIIa-induced phosphorylation events with a more established activator of these 

proteins, we also treated BHKTF cells with 170 nM insulin. Fig. 3 shows that the effect of 

insulin on phosphorylation of PKB, p70/p85S6K, p90RSK and GSK3 is much less transient, 

suggesting a more profound, or longer effect on protein synthesis. 

FVIIa induces PKB, S6 kinases, p42/44 MAP kinase, GSK3 a/p\ and eIF-4E 

phosphorylation in HaCaT cells- With the above demonstration of sequential activation of 

PKB, the S6 kinases, GSK3 and eIF-4E in BHK cells type stably transfected with TF, it was 

of interest also to study the FVIIa-induced activation of these components in a cell type 

ubiquitously expressing TF. Hence we challenged HaCaT keratinocytes with 100 nM FVIIa 

for various times and screened phosphorylation states of these proteins as described before. 

Fig. 4 shows that HaCaT cells, exposed to FVIIa respond with a much less transient phospho-
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Figure 4: FVIIa induces transient phosphorylation of PKB, p70/p85S6K, GSK3, p9ffSK and eIF-4E in 

HaCaT cells. The cells were serum starved and incubated with 100 nM FVIIa for the times indicated. The cells 

were lysed and analyzed by Western Blot for phosphorylation of the indicated kinases and proteins using 

phosphospecifw antibodies on Western Blot. 170 nM insulin (I) was used as a control. To test for equal loading. 

Western Blots were reprobed with antibodies directed against total protein. The Western Blots represent three 

independent experiments. 
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rylation of PKB. the S6 kinases, GSK3 and eIF-4E, compared to BHK cells. We conclude 

from this that FVIIa activation of these proteins is not restricted to TF-transfccted cells, but 

also occurs in cells, naturally expressing TF constitutively, at physiological density on the cell 

membrane. 
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Figure 5: Concentration-dependent effects of FVIIa on phosphorylation of p42/p44 MAP kinase, PKB and 

p90KSK in BHKTt and HaCaT cells. (A) Quiescent BHKn' cells were stimulated with the indicated 

concentrations of FVIIa for 10 min. The cells were lysed and analyzed for phosphorylation of MAP kinase, PKB 

and RSK by Western Blot, using phosphospeeific antibodies. Equal loading was shown using an antibody 

against total PKB. (B) HaCaT cells were stan'ed and treated with the concentrations of FVIIa indicated. 

Subsequently, phosphorylation ofGSK3. p42/p44 MAP kinase and p9(r K was assayed on Western Blot, equal 

amounts were demonstrated, using an antibody against total protein. The Western Blots represent three 

independent experiments. 
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FVIIa-induced activation of protein synthesis signaling pathways is concentration 

dependent- To establish the physiological relevance of FVIIa-induced signaling, we 

subjected both BHKTF and HaCaT cells to various concentrations of FVIIa. From Fig. 5A it is 

evident that PKB, p42/p44 MAP kinase and its downstream target 90RSK were clearly 

phosphorylatcd at concentrations as low as 17 nM in BHKTF cells. In HaCaT cells 

concentrations, lower than 10 nM. which is the FVII plasma concentration, were sufficient to 

induce phosphorylation of both p90 , being an effector of the MAP kinase pathway, and 

GSK3p, activated through the PI3-kinase pathway (Fig. 5B). We conclude that in cells 

ubiquitously expressing TF, FVIIa acts on signal transduction at physiological concentrations. 

Activation of PKB, the S6 kinases, GSK3 and eIF-4E is independent of the cytoplasmic 

domain- Although the relatively short cytoplasmic tail of TF contains two putative 

phosphorylation sites and has been shown to bind to the protein ABP-280 in yeast-two-

hybrids studies (29), so far no physiological function has been found for this 21-amino acid 

domain, despite its strong sequence conservation in divergent species. We decided to explore 
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Figure 6: FVIIa induces transient PKB, 

P70/p85S6K, GSK3, p9<fSK and eIF-4E 

phosphorylation in BHKTIAiy'". (A) The cells 

were serum starved as described under 

Experimental Procedures and incubated with 

100 nM FVIIa for the times indicated. The cells 

were lysed and analyzed by Western Blot for 

phosphorylation of the indicated kinases and 

proteins using phosphospeciflc antibodies on 

Western Blot. 170 nM insulin (I) was used as a 

control. To test for equal loading, the Western 

Blots were reprobed for p-actin. (B) Cells were 

treated as described above and analyzed for 

eIF-4E phosphorylation. An antibody against 

total eIF-4E was used to demonstrate ecpial 

loading. The Western Blots shown represent 

three independent experiments. 
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the requirement of the TF-cytoplasmic domain for the aforementioned signal transducers. 

Sorensen et al (16) showed that BHK cells expressing a truncated form of TF (BHKTFAcy,°) 

responded to FVIIa treatment with a prominent phosphorylation of p44/p42 MAPK similar to 

that observed in BHK cells, transfected with full length TF. As can be seen in Fig. 6, this was 

also true for PKB activation and subsequent signaling; BHKTFAcyl° cells were equally 

responsive to FVIIa, as were the BHKTF cells. It thus appears that activation by FVIIa of 

neither the MAP kinase pathway nor the PI3-kinase pathway requires the cytoplasmic TF 

domain. 

FVIIa-induced signals are FXa- and thrombin-independent, but are sensitive to 

inhibitors of the MAP kinase and PI3-kinase pathway- To study the specificity of FVIIa 

effects on translation-related signal transduction as well as the contribution of the various 

pathways to the intracellular signaling generally associated with protein translation, we 

stimulated BHKTF cells with 100 nM FVIIa in the presence of the thrombin inhibitor hirudin 

(25U/ml) or the FXa inhibitor TAP (200 nM). As is clear from Fig. 7A, neither hirudin nor 

TAP abrogated FVIIa-induced activation of PKB, p90RSK, p70/p85S6K and eIF-4E, 

demonstrating that the FVIIa-induced signals were direct and not dependent on FXa and 

thrombin generation. 

To establish the possible relative contribution of the different pathways involved, cells were 

preincubated with rapamycin, being the inhibitor to the upstream p70/p85 6K activator mTOR, 

as well as the PI3-kinase inhibitor LY294002 and the MEK inhibitor PD98059. Whereas 

PD98059, but not LY294002 or rapamycin, had an effect on p90RSK phosphorylation, all three 

inhibitors had an effect on p70/p85S6K and eIF-4E phosphorylation in BHKTF cells, suggesting 

possible roles for both the MAP kinase pathway and the PI3-kinase pathway in FVIIa-induced 

protein translation. In this experimental set-up, the use of active-site-blocked FVIIa (FVIIai) 

did not result in increased phosphorylation of the signaling components, demonstrating the 

requirement for FVIIa proteolytic activity. 

The specificity of FVIIa effects on translation-related signal transduction was also determined 

in HaCaT cells; thrombin- and FXa-inhibitors showed no effect on phosphorylation of 

p90RSK, GSK3|3, eIF-4E, p70/p85S6K and the downstream p70/p85 S6 kinase target S6 (Fig. 

7B). PD98059 inhibited the p90RSK pathway and LY294002 inhibited GSK3p. Importantly, 

whereas in BHKTF, PD98059 reduces FVIIa-mediated eIF-4E phosphorylation, this MEK-
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Figure 7: FVÏ'la-induced signals are sensitive to signal transduction inhibitors but not to thrombin or FXa 

inhibitors. (A) BHKTF cells were serum starved for 16 hrs and pretreated with 25 U/ml hirudin (Hir), 200nM 

Tick Anti-coagulant Protein (TAP), 10 pM LY294002 (LY), or 20 pM PD98059 (PD) for 30 min. The mTOR 

inhibitor rapamycin (20 ng/ml) was added for 15 minutes. Subsequently, the cells were treated with 100 nM 

FVlla for 10 min. Cells were also treated with 100 nM active site-inhibited FVlla (FVUai) or 170 nM insulin (I). 

Phosphorylation of PKB, p70/p85S6K, p90RSK and elF-4E was assayed by Western Blot using phosphospecific 

antibodies. Equal loading was verified by antibodies against fi-actin. IB) HaCaTcells were serum starved for 24 

hrs and pretreated with the inhibitors mentioned above and used as described above. Subsequently, the cells 

were treated with 100 nM FVlla for 20 min. Cells were also treated with 100 nM active site-inhibited FVlla 

(FVUai) or 170 nM insulin (I). Phosphorylation of GSK3. p9lfSK, elF-4E, p70/p85S6K and S6 was assayed by 

Western Blot using phosphospecific antibodies. Equal loading was verified by antibodies against protein of 

interest. The Western Blots represent three independent experiments. 

inhibitor did not inhibit eIF-4E phosphorylation in HaCaT, excluding a role for the MAP 

kinase pathway in eIF-4E phosphorylation in this cell type. Contrastingly, MEK activity 

appears to be essential for both p70/p85S6K and S6 phosphorylation, suggesting that the MAP 

kinase pathway is involved in ribosomal activation. 

Finally, as was observed in BHK cells, FVUai did not elicit any effects in HaCaT cells. 
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FVIIa/TF-interaction results in protein synthesis- Since exposure of TF-expressing cells 

showed a dramatic activation of protein synthesis key regulators, we decided to investigate 

the potential of FVIIa for initiating protein synthesis. Therefore, BHKTF cells were 

metabolically labeled with ^-methionine and stimulated with either insulin or FVIIa for 

various times. Strikingly, in this cell type FVIIa was as potent as insulin on the induction of 

protein synthesis (Fig. 8A). However, after 2h., FVIIa-induced protein levels decreased again, 

whereas insulin-induced protein synthesis appeared to be more persistent, correlating with the 

less transient phosphorylation of key signal transducers by insulin (see above). Subsequently, 

we investigated the contribution of possible FXa and thrombin generation to the FVIIa-

induced protein synthesis. Fig. 8B shows that the use of hirudin or TAP did not result in any 

decrease of FVIIa-induced protein synthesis, ruling out a possible role for FXa or thrombin. 

Thus FVIIa/TF interaction has a strong and specific stimulatory effect on protein synthesis. 
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Figure 8: FVIIa induces protein synthesis rates, similar to insulin, independent of FXa and thrombin 

generation. (A) BHKTF cells were metabolically labeled with i5S-methionine and stimulated with 100 nM FVIIa 

or 170 nM insulin for various times. At the end of the experiment the proteins were precipitated with 15% TCA 

and protein synthesis was determined by measuring the number of disintegrations per minutes (DPM). (B) Cells 

were labeled as described under (A) and pre'mcubated with 25 U/ml hirudin (Hir) or 200 nM Tick Anti

coagulant Protein (TAP) for 30 min, and subsequently stimulated with FVIIa for 2 hours. In both experiments, 

background was subtracted. SEMs are depicted. 
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To identify a possible contribution of the intracellular domain of TF in the FVIIa effects on 

translation, we decided to compare protein synthesis in BHK11, BHKTFAcyt0 and wildtype 

BHK cells. For this purpose, cells were stimulated for 0, 2 and 4 hours, and Fig. 9 shows that 

whereas BHK cells exposed to 100 nM of FVIIa did not show any response, BHKTF, 

stimulated with the same concentration of FVIIa, showed a dramatic induction of protein 

synthesis after 2 and 4 hours. Similarly, FVIIa elicited a very similar induction in BHK. 

cells, demonstrating that FVIIa TF-mediated translation is independent of the TF cytoplasmic 

domain. 
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Figure 9: FVIIa treatment of cells induces protein synthesis in BHKTF and BHK ^"°, but not in wildtype 

BHK cells. BHK cells, BHKn' and BHKrFA<"" were starved for 16 hrs and labeled with 20 pCi/ml 35S-

methionine for 5 hrs. Cells were stimulated with 100 nM FVIIa for the indicated times. Proteins were 

precipitated with 15% TCA and 35S-methionine incorporation was determined by scintillation counting. To 

enable comparison between the three cell lines, the net amount of incorporation, measured at 0 hours was set at 

a value of 1. The experiment was performed in triplicate and the figure is representative for 2 independent 

experiments, standard deviations are depicted. 

FVIIa induces synthesis of eEFlctand eEF2, regulators of protein synthesis - The 

p70/p85 S6 kinases often induce rapid synthesis of proteins that are direct regulators of 

protein synthesis, such as the elongation factors eEFla and eEF2 (reviewed in 30). These 

proteins bind aminoacyl-tRNA and deliver it to the ribosomal aminoacyl site during the 
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Figure 10: FVIIa induces upregulation of the elongation factors eEFlcc and eEF2 in BHK" and HaCaT 

cells. (A) BHK cells were serum starved and treated with 100 nM FVIIa, 170 nM insulin or 100 nM FVIIai for 

various times. Subsequently, the cells were lysed and analyzed for eEFI a expression on Western Blot. The blots 

represent three independent experiments. (B) BHK cells were labeled with 20 pCi/ml S-methionine and 

stimulated with 100 nM F Vila for various times. eEF2 was ininumoprecipitated and the number of DPMs oj the 

pellet was determined using a scintillation counter. (C,D) HaCaT cells were labeled and treated as under B. 

eEFI a and eEF2 were immunoprecipitated and the number of DPMs of the pellet was determined using a 

scintillation counter. (E) Radiolabeled HaCaT cells were treated mock, with FVIIa, FVIIai or with insulin. 

Subsequently. eEFI a production was measured as described above. In all experiments, background levels were 

subtracted and SEMs are shown. The experiments were performed in triplicate, the graphs represent 2 

independent experiments. 

-90-



FVIIa:TF-induced protein synthesis 

elongation phase of protein biosynthesis. Interestingly, these proteins are translated from 

mRNA containing a 5' polypyrimidine tract; upon stimulation of the S6 kinase pathway these 

pre-existing mRNA sequences are preferentially translated within 30 min (31,32), almost 

parallel with S6 kinase activation. Thus, synthesis of these proteins is a good measure for 

stimulus-induced activation of translation, independent of enhanced mRNA synthesis. 

Fig. 10A shows the FVIIa-induced increase in cellular eEFla contents; eEFla levels are 

upregulated in a similar fashion as those after stimulation with 170 nM insulin. FVIIai, 

however, does not appear to have an effect on eEFla . Levels of eEF2 were also upregulated 

by FVIIa within 30 min, as was demonstrated after 35S-methionine labeling and 

immunoprecipitation of eEF2 (Fig. 10B). Both proteins were also upregulated in FlaCaT cells, 

as determined by labeling with 35S-methionine and immunoprecipitation of both proteins (Fig. 

10C,D). Finally, in HaCaT eEFla was not upregulated by active site-blocked FVIIa (FVIIa), 

whereas in the same experiment, FVIIa and insulin induced significant levels of eEFla (Fig 

10E). Thus FVIIa regulates protein synthesis, further supporting the concept that enhanced 

translation is a principal effector of TF signal transduction. 
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Discussion 

A picture has emerged in recent years, which considerably broadens the present 

understanding of the TF/FVIIa functionality. Apart from initiating the coagulation cascade, 

TF/FVIIa has been implicated in a number of other biological functions as a consequence of 

FVIIa's capability of mediating intracellular signaling in TF expressing cells. It remains, 

however, elusive exactly how TF/FVIIa signaling links to the presumed effects of TF in 

(patho)physiology, especially angiogenesis and inflammation. One theory relies on a 

TF/FVlIa-dependent MAP kinase activation and subsequent proliferation, necessary for neo

vascularization. Another option might be that FVIIa/TF-signal transduction leads to 

translation and secretion or membrane expression of factors, such as cytokines or 

angiogencsis-promoting agents, which in turn are mediating TF/FVIIa's effects in 

pathophysiology. In general, relevant production of such factors requires substantial 

stimulation of the translational machinery, and this led us to focus on TF/FVIIa's effect on 

sections of the signal transduction pathways implicated in regulation of protein synthesis. The 

present study revealed a TF/FVIla-dependent activation of p70/p85S6K and p90RSK, especially 

the first kinase implicated in enhanced translation. Further evidence for enhanced translation 

was suggested by the observation of GSK3 phosphorylation leading to deactivation of this 

translation inhibitor. Thus, binding of FVIIa to TF stimulates multiple pathways leading to 

enhanced translational activity. In agreement with this concept, exposure of TF-expressing 

cells to FVIIa led to 1) a strong phosphorylation of eukaryotic initiation factor, eIF-4E, 2) 

increased protein synthesis within 20 min of 5' polypyrimidine tract-containing mRNAs and 

3) within 15 min to 4 hours an enhanced protein synthesis, as assayed by ",5S-methionine 

incorporation. The effect of FVIIa/TF interaction on translation was comparable to that 

observed with insulin and hence it seems fair to suggest that enhanced translational activity 

might be a major effect of FVIIa signaling on cellular physiology. 

Expression of the extracellular part of TF was mandatory for the effect of FVIIa on 

translational regulation. However, as indicated by the results with BHK cells transfected with 

truncated TF. the cytoplasmic domain was not required for translational regulation. Finally. 

the effects were not sensitive to the specific thrombin- and FXa-inhibitors hirudin and TAP 

and thus the cellular effects of FVIIa addition are direct effects of this coagulation factor on 

TF-expressing target cells, however, they are not transmitted by the TF-receptor itself but 
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Figure 11: Proposed mechanism for FVIIa:TF-induced protein synthesis in BHK and HaCaTcells. The 

FVHa.TF complex targets a still unknown transmembrane protein or PAR-2 in BHK and HaCaT cells 

respectively. Subsequently, activation of the PI3 kinase(PBK) pathway takes place, leading to the indirect 

activation of S6 kinase (p70/p85), the ribosome (ribosomal protein S6), and initiation factors (among which 

eIF4E). This will lead to apregulation of the protein synthesis machinery by means of eEFla and eEF2 

production. Furthermore, GSK3-mediated inhibition of protein synthesis is abrogated. FVHa.TF interaction also 

leads to subsequent activation of MAP kinase and p90 RSK. Note that whereas the MAP kinase pathway 

significantly contributes to elF4E activation in BHK cells, it does not in HaCaT cells. 

they are probably mediated via a FVIIa-cleavable alternative receptor, e.g. the often-proposed 

PARs (e.g. 19). 

So far, the role of the cytoplasmic domain in TF has been a matter of debate. Some 

investigators have found evidence for functional interactions of the intracellular domain with 
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downstream signaling components, for example in FVIIa-induced production of Reactive 

Oxygen Species in macrophages (33), or suggested an association of the domain with filamin-

A (ABP-280) (29). whereas others have found no function for this domain in FVIIa signaling 

(16). Furthermore, deletion of the cytoplasmic domain of TF does not result in abnormal 

embryonic development, in spite of the essential role of TF for normal angiogenesis (34). In 

our studies, we confirm that the lack of this domain does not abrogate signaling nor protein 

synthesis. However, it did not escape our attention that cells expressing the cytoplasmic 

domain-deleted TF. showed a prolonged protein synthesis. This might correlate with previous 

data (17) that show increased mRNA synthesis in cells expressing the mutant when compared 

to cells expressing wild type TF. The mechanism behind this phenomenon is currently not 

known, but it is tempting to suggest that the cytoplasmic tail might, in some way. inhibit 

protein synthesis 

Further attention should be paid to the activation of the p90RSK pathway, which like p70S6K is 

often suggested to phosphorylate the ribosomal S6 protein. However, although p90RSK readily 

phosphorylates S6 upon activation in vitro, reports about in vivo phosphorylation have not 

been made (for review: 35). Although this makes the contribution of the MAP kinase pathway 

in FVIIa-induced protein translation somewhat unclear, it may very well be that another MAP 

kinase-activated protein plays a role in FVIIa-induced translation. Especially, Mnkl, which 

associates with, and phosphorylates eIF-4E in vivo (36,37), might be a direct keyplayer in 

FVIIa-induced protein synthesis via the MAP kinase pathway. 

Interestingly, the role of the MAP kinase pathway in eIF-4E phosphorylation appears to differ-

between cell lines; whereas the MEK-inhibitor PD98059 reduced eIF-4E phosphorylation to 

basal levels in BHKTF cells, pretreatment with PD98059 did not have any effect on eIF-4E 

phosphorylation in FVIla-stimulated HaCaT cells, but prevented both FVIIa-induced 

p70/p85S6K and S6 phosphorylation. Apparently, activity of the MAP kinase pathway is 

essential for p70/p85' ' phosphorylation in this system. 

It is noteworthy that FVIIa exhibits a large degree of cell-type specificity in its intracellular 

effects. Evidently TF expression is mandatory for FVIIa-induced signaling, however, there 

appears still to exist a high degree of variability in the response to Vila between various TF-

expressing cell lines. For instance, whereas FVIIa signal transduction provokes activation of 

the MAP kinase family member JNK in keratinocytcs. it does not in A14 fibroblasts (18). 

Furthermore, whereas A14 fibroblasts, HaCaT keratinocytes and BHK cells transfected with 
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TF show a large potential in PKB phosphorylation, other cell lines do not respond with PKB 

activation. Thus, not every TF-expressing cell type responds to FVIIa exposure with a 

significant phosphorylation of PKB, and it might prove interesting to investigate the effects 

on FVIIa on the translation machinery in such cell types as it may contribute to our 

understanding as to the relative importance of the PKB and MAP kinase pathway for FVIIa-

induced protein synthesis. 

It is tempting to speculate on the possible function of FVIIa-dependent stimulation of protein 

production in physiology. Earlier studies have demonstrated a TF/FVIIa-dependent 

transcription of mRNAs encoding pro-inflammatory cytokines such as IL-8, IL-1 [3 and the IL-

6 like cytokine LIF, within 1.5 hours (6). In addition, FVIIa-treatment has been shown to 

induce upregulation of mRNAs encoding the growth factors hbEGF, FGF-5, Cyr61 and 

CTGF (6,22); and these proteins may form intermediates for TF-drivcn nco-angiogenesis. 

Adequate subsequent production of protein from these mRNAs may well be dependent on the 

signal transduction phenomena described in the present study. Hence it may prove interesting 

to investigate the effects of inhibitors of these pathways in experimental in vivo models of 

pathophysiology known to involve TF/FVIIa interaction. Studies examining this possibility 

are currently in progress. 

In conclusion, we have shown here that FVIIa/TF interaction does not lead to cell 

proliferation, but induces signal transduction, associated with protein synthesis, as well as 

upregulation of the translational machinery, suggesting that FVIIa/TF may induce 

pathophysiological events such as angiogenesis, through production of proteins, relevant for 

these processes. 
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Abstract 

In addition to acting as the primary initiating event in the blood coagulation, binding of factor 

Vila (FVIIa) to tissue factor (TF) also provokes signal transduction in tissue factor-expressing 

cells. Although, this signal transduction plays an important role in a variety of 

pathophysiological events, in particular inflammation and angiogenesis, the details of this 

signaling remain largely obscure. Interestingly, the extracellular domain of TF is highly 

homologous to the cytokine class II receptors and especially the interferon y receptor, which 

is known to mediate downstream signaling via Jak-mediated phosphorylation of STAT 

transcription factors. Here we show that FVIIa:TF-interaction produces STAT5 

phosphorylation, STAT5 nuclear translocation and transactivation of STATS reporter 

constructs. FVIIa dependent STATS activation was dependent on FVIIa proteolytic activity 

but was insensitive to inhibitors of the downstream coagulation factors and Xa and thrombin. 

Also the TF cytoplasmic domain was not required for STAT activation. Finally FVIIa 

incubation induces activation of Jakl. Jak2 and Tyk2, and functional Jak2 kinase was 

required for FVIIa-induced STAT5 phosphorylation. Thus our results show that the sequence 

homology between the cytokine class II receptors and TF is reflected in similar downstream 

signal transduction. Furthermore, the activation of STAT transcription factors provides an 

obvious link between FVIIa:TF and the associated pro-inflammatory events. 
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Introduction 

Tissue factor (TF) is the main initiator of the coagulation cascade; upon vessel rupture, this 

transmembrane protein, normally not present on cells that are in contact with the bloodstream, 

binds with high affinity to the zymogen factor VII leading to the subsequent generation of 

factor Xa, thrombin and fibrin deposition, finally resulting in the formation of a blood clot. In 

addition, a large variety of coagulation independent functions for FVIIa:TF interaction have 

been described; in particular it is absolutely required for embryonic blood vessel formation 

(1-3) and one of the keyplayers in atherosclerosis (4) and its prominently implicated in 

inflammatory processes. The latter is especially demonstrated by the observation that 

inhibition of the FVIIa:TF complex, using either TF antibodies or active site-inhibited FVIla 

was demonstrated to dramatically decreases mortality in baboons infused with a LDioo E. coli, 

whereas more downstream inhibitors did not have this effect (5-7). On a more cellular level, 

TF was shown to mediate leukocyte reverse transmigration (8) and proves pivotal for FVIla-

induced synthesis of proinflammatory mediators, among which, IL-ip, IL-8 and the 

prostaglandin E2 receptor (9). How FVIIa:TF interaction is linked to inflammatory processes 

remains, however, poorly understood. 

It is now generally accepted that FVIIa:TF interactions provokes intracellular signal 

transduction in TF expressing cells. Among the cellular signaling cascades targeted by this 

signaling are the MAP kinase pathway (10,11), the PI3 kinase pathway (12), Ca + signaling 

(13,14) and activation of small GTPases (12), but such pathways are not a hallmark for 

inflammatory signaling per se. Interestingly, already in 1990, Bazan noted the high homology 

between the extracellular moieties of TF and the interferon class II type receptors (15), which 

are closely associated with proinflammatory cytokine signaling. Signaling via interferon 

receptors is well established to be mediated the sequential activation of Jak kinases followed 

by phosphorylation of STAT (Signal Transducers and Activators of Transcription) proteins by 

these kinases. STAT phosphorylation in turn produces dimerization and nuclear translocation 

of these transcription factors, finally culminating in altered gene expression. Based on the 

sequence homology between TF and interferon receptors and their shared involvement in 

inflammatory responses, we decided to investigate the possible involvement of the Jak/STAT 

system in TF-dependent signaling. 
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Here we report that FVIIa induces STAT5 activation. This activation was dependent on FVIIa 

proteolytic activity, but not on the TF cytoplasmic tail. Thus our results show that the 

sequence homology between the cytokine class II receptors and TF is reflected in similar 

downstream signal transduction. Furthermore, the activation of STAT transcription factors 

provides an obvious link between FVIIaTF and the associated pro-inflammatory events. 
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Experimental Procedures 

Materials- The antibodies raised against phosphorylated STAT5 and phosphorylated Tyk2 

were purchased from Cell Signaling Technologies (Beverly, MA, USA). Antibodies against 

phosphorylated Jakl (Tyr 1022/1023) and Jak2 (Tyr 1007/1008) were from Biosource 

International (Camarillo, CA, USA). Antibodies against Jakl and Jak2 were from Upstate 

Biotech Inc. (Waltham, MA, USA) and antibodies against Tyk2 was from Transduction 

Laboratories (Mississauga, ON, Canada). Anti-FLAG was from Sigma (St. Louis, MO, USA). 

Tissue Culture material was from Greiner Bio-one (Alphen a/d Rijn, The Netherlands). 

Cell culture- Baby hamster kidney cells, either stably transfected with full length TF or with 

a TF cytoplasmic domain-deleted mutant, were maintained in Dulbecco's Modified Eagles 

Medium, supplemented with 10% Fetal Calf Serum (FCS, Gibco) and penicillin/streptomycin, 

at 37°C (10,16). and 5% CO2 in a humidified environment. The cells were routinely passaged 

three times per week. Starvation was carried out in DM EM deprived of FCS, for 20 hours. 

AG490 was used for 16 hours in the concentrations indicated. 

Constructs- Both the DNA constructs encoding kinase-dead Jakl and Jak2 were generous 

gifts from Dr. David Levy. The kinase-deletcd Tyk2 construct was kindly provided by Dr. 

Sandra Pellegrini. FLAG-tagged STAT5A and B were from Dr. James Ihle and the STAT5-

responsive NTCP-luciferase construct was provided by Mary Vore. 

Immunoprecipitations- BHKn ' cells were transfected with 0.4 mg FLAG-tagged STAT5A 

or FLAG-tagged STAT5B construct, 3.2 ml enhancer and 10 ml Effectene for 16 h. After 

starvation for 16 h and stimulation with FVIIa for various times, the cells were lysed in 0.5 ml 

lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton 

X-100, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM NajVO^ 1 

ug/ml leupeptin) and were collected by scraping. Subsequently, the lysate was centrifuged at 

14.000 rpm for 2 min, and the supernatant was precleared with 20 ul 50% protein A-

sepharose for lh. The lysate was then incubated overnight with 1 ug FLAG antibody. The 

immuno complex was precipitated with 20 pi 50% protein A-sepharose for lh. The beads 

were washed three times with lysis buffer and were subsequently resuspended in 40 pi 

denaturing sample buffer (125 mM Tris/HCl, pH 6.8; 4% SDS; 2% p-mercaptoethanol; 20% 

glycerol, 1 mg bromophcnol blue). 
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Mutant Jak kinase analysis- For the experiments using kinase-dead Jakl, Jak2 or Tyk2 

constructs, cells were transfected using Effectene from Qiagen. Transfcctions with kinase-

dead constructs were carried out as follows; cells were grown until approximately 50% 

confluency in 6-well plates. 2.5 pg DNA was diluted in 100 pi Tris-EDTA, and incubated 

with 21 ug of enhancer reagent for 5 min. Subsequently, 133 ul of Effectene reagent was 

added and the mixture was incubated for 10 min. After this, the solution was dropwise added 

to the cells and these were incubated with the DNA complexes for 18 hours. After serum 

starvation, cells were stimulated with 100 nM FVIIa for 10'. 

Nuclear isolation- Cell lysates were prepared and separated into nuclear and cytosolic 

fractions, essentially as described before (17). with some modifications; stimulated and 

washed cells (1-7 x 106) were scraped in 200 ul icecold hypotonic lysis buffer (20 mM llcpcs. 

pH 7.9. 1.5 mM MgCh, 10 mM KC1, 0.5 mM dithiothreitol. 0.5 mM pefabloc, and 0.5 ug/ml 

of leupeptin and aprotinin). The lysatc was passed 10 times through a 27 gauche needle. After 

ccntrifugation at 600 x g, the resultant pellets (nuclear fraction) were washed again in lysis 

buffer and were resuspended in 300 pi lx sample buffer. The supcrnatants (cytosolic fraction) 

were further diluted to 300 pi with 3x sample buffer. 

Western Blotting- After incubation, cells grown in 20 cm" dishes were kept on ice and 

washed with ice-cold phosphate buffered saline (PBS). After that, the cells were rapidly 

harvested by adding 100 pi of heated (95°C) sample buffer and the lysates were collected by 

scraping. After a 5 min incubation at 95°C, 30 pi of the lysates were loaded onto SDS-PAGE 

and subsequently transferred to a PVDF membrane. The membranes were blocked with tris-

buffered saline supplemented with 0.1% tween (wash buffer) and 2% low-fat milk powder, 

and incubated with primary antibody over night at 4"C. diluted 1:1000 in wash buffer 

containing 2.5% BSA. Subsequently, the membranes were incubated with a horseradish 

pcroxidase-conjugated secondary antibody in wash buffer, containing 2% low-fat milk 

powder. The bands were visualized, using Lumilight plus" ECL substrate from Roche and a 

chemiluminescence detector with a cooled CCD-camcra (Genegnome) from Syngene. 

Antibody bands were quantified using Genetools from Syngene. 

Luciferase assay- Cells were grown in 24-wells and transfected with either the STAT5-

responsive construct ntcp-luciferase, or a CMV-drivcn luciferase construct for 16 h. 
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Transfections were carried out, using 0.2 ug construct, 1.6 ul enhancer and 5 ul Effectene 

transfection reagent. After transfection, the cells were serum starved for another 16 h. 

Subsequently, cells were stimulated with 100 nM FVIIa for 3h. Cells were lysed in 100 ul 

luciferase assay buffer (25 mM glycylglycine pH 7.9. 15 mM MgS04 , 4 mM EGTA, 1% 

Triton X-100 1 mM dithiotreitol) and luciferase activity was measured, using the Packard 

Topcount microplate scintillation counter. 
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Results 

FVIIa:TF interaction induces phosphorylation of STAT5- There is substantial sequence 

homology between the extracellular domains of TF and the interferon receptors. The 

intracellular domains of TF and the interferon receptors, however, are not much alike and it is 

still unclear whether TF employs interferon receptor-like signal transduction mechanisms. 

Therefore we set out to investigate possible involvement of STATs in TF-dependent signal 

transduction in Baby Hamster Kidney cells stably transfected with TF (BHKTI) (10). To this 

end the effects of recombinant FVIla on STAT phosphorylation were determined using 

phosphospecific antibodies and Western blotting. As can be seen in Fig. 1 A, BHKTF cells 
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Figure 1: FVIla and insulin 

phospho-STATS induce STATS activation in BHKTF 

cells. Cells were serum starved and 

treated with 100 nM FVIla (A) or 170 

nM(1 mg/ml) insulin (B) for the times 

indicated. STA T5 phosphorylation 

was assessed, using phospho-STA T5 

antibodies on Western Blot. The 

samples were also analyzed for total 

STA T5 protein to test equal loading. 

phospho-STAT5 

STAT5 

reacted to FVIla with a transient increase in phospho-STAT5 immunoreactivity, which was 

already detectable after 5 min, reached a maximum effect 10 min after stimulation and 

returned to basal levels after approximately 60 min. In contrast. pan-STAT5 

immunoreactivity was not affected within this time frame. Interestingly, this FVIla-induced 

phosphorylation was much more transient than that observed after stimulation with insulin, an 

established inducer of STAT5 phosphorylation (Fig. IB) (18). Dose-response analysis of 

FVIla-induced STAT5 phosphorylation revealed that enhanced STAT5 phosphorylation in 

response to this protease was already detectable at concentrations as low as 1 nM (Fig. 2), 

lying well within the physiological ranges of FVII in plasma (10 nM). We concluded that TF, 

like other members of the cytokine class II receptors has the ability to provoke STAT 

phosphorylation. 
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Figure 2: Concentration-depen-

phospho-STAT5 <fe«/ phosphorylation of STA T5 by 

F Vila. Cells were starved and 

subjected to various concentrations 

of FVIla. STAT5 phosphorylation 

as well as total STA T5 levels were 

determined by Western Blot. The 

lower panel shows quantified levels 

of'phosphorylatedSTAT5. using the 

GeneTools software. 

FVIla proteolytic activity but not the cytoplasmic domain of TF mediate STAT5 

phosphorylation- To further investigate the role of TF in FVIIa-induced STAT 

phosphorylation, we used a BHK cell line, stably transfected with a cytoplasmic domain-

deleted TF (16). As these cells responded to FVIla stimulation with transient STAT5 
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Figure 3 : Proteolytic active 

FVIla and TF, but not the TF 

intracellular tail is required for 

FVIIa-induced STATS phospho

rylation. Cells expressing a TF 

cytoplasmic tail-deleted mutant (A) 

or cells not expressing TF (B) were 

serum starved and treated with 100 

nM FVIla for the times indicated. 

STA T5 phosphorylation was 

assessed, using phospho-STA T5 

antibodies on Western Blot. (C) 

BHKTF cells were also treated 

with either 100 nM FVIla or 100 

nM active site-blocked FVIla 

(FVIIai). All samples were also 

analyzed for total STA T5 protein to 

test equal loading. 
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phosphorylation indistinguishable of that observed in BHK cells transfected with full length 

TF, we concluded that cytoplasmic domain of TF is not involved in this phosphorylation (Fig. 

3A). As a control, we also stimulated the parental BIIK cells with FVIIa. but we did not 

detect any FVIIa-dependent STAT5 phosphorylation in these cells (Fig. 3B). Therefore, only 

the extracellular part of TF is required for FVIIa-induced STAT5 phosphorylation. We also 

assessed the importance of FVIIa proteolytic activity employing active site-inhibited FVIIa 

(FFR-VIIa or FVIIai). We observed that although a 10 min-stimulation with FVIIa potently 

induced STATS activation, FVIIai was ineffective in this respect (Fig 3C). We concluded 

that the FVIIa-dependent STAT phosphorylation is mediated by extracellular domain and TF 

and FVIIa proteolytic activity. 

FVIIa-induced STAT phosphorylation is not dependent on generation of thrombin or 

factor Xa- After exposure of TF to the bloodstream, interaction of TF with factor VII will 

take place, leading to factor VII activation. The thus-generated FVIIa converts factor X to 
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Figure 4: FVIIa-induced STAT5 phosphorylation is not dependent on FXa or thrombin formation. BHK11 

cells were preincubated'with 200 nM of the specific FXa-inhibitor Tick Anti-coagulant Protein (TAP) or 25 U/ml 

of the thrombin inhibitor hirudin (Mr). Subsequently, cells were stimulated with 100 nM FVIIa. I U/ml FXa or I 

U/ml thrombin. STAT5 phosphorylation and total amounts o[STAT5 were determined by Western Blot. 
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factor Xa and in turn factor Xa activates thrombin. Hence addition of FVIIa to cells may lead 

to factor Xa and thrombin generation. In order to investigate a possible role of factor Xa or 

thrombin in F Vila-dependent STAT5 activation, we tested the effect of the factor Xa inhibitor 

TAP and the thrombin inhibitor hirudin on FVIIa-evoked STAT5 phosphorylation. As 

obvious from Fig. 4B, both factor Xa and thrombin are capable of inducing STAT5 

phosphorylation, and the effects of factor Xa and thrombin are sensitive to 100 nM of TAP 

and 25 U of hirudin respectively. These inhibitors, however, did however not influence 

FVIIa-induced STATS phosphorylation (Fig. 4A). Thus although multiple factors of the 

coagulation cascade have the capacity to activate STAT5, the FVIIa- mediated STAT5 

phosphorylation does not rely on either FXa or thrombin generation. 

FVIIa induces both STAT5A and STAT5B phosphorylation- STAT5 consists of two 

isoforms; STAT5A and STAT5B. To address the question as to which isoform is targeted by 

FVIIa, we transfected BHKTF with expression constructs encoding either FLAG-tagged 

STAT5A or FLAG-tagged STAT5B (19). Subsequently, cells were stimulated with FVIIa for 

various times and FLAG-tagged STAT5 was immunoprecipitated using a FLAG antibody. 

Finally, phosphorylation of STAT5 was determined using a phosphospecific antibody for 

STAT5. We observed that, whereas total levels of FLAG-STAT5A and FLAG-STAT5B 

remained unchanged, the phoshoSTAT5 immunoreactivity was transiently increased with 

respect to both STAT5A and STAT5B and hence both STAT5 isoforms are a target for 

FVIIa-dependent signaling. 

IP: a-FLAG 

0' 5' 10' 20' 30' 

phospho-STAT5A 

Total FLAG 

phospho-STATSB 

Total FLAG 

Figure 5: Both STATS A and STAT5B are 

activated by FVIIa. BHKTf cells were 

transfected with FLAG-tagged STATS A and 

FLAG-tagged STAT5 B constructs. After 

starvation, the cells were stimulated and FLAG-

tagged STATS was immunoprecipitated. 

Subsequently, the phosphorylation status of the 

immunoprecipitated STATs were assessed on 

Western Blot, using a phosphospecific STATS 

antibody. Total FLAG-STAT was determined 

using a FLAG antibody. 
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FVIIa induces STAT phosphorylation via activation of Jak2- The upstream kinases 

activating STATs are known as Jaks (Janus Kinases) of which four forms exist; Jakl, Jak2, 

Jak3 and Tyk2. Using phosphospecific antibodies, the phosphorylation states of Jakl, Jak2 

and Tyk2 were determined. Fig. 6 shows that Jakl, Jak2 and Tyk2 phosphorylation are 

transiently upregulated after FVIIa stimulation, a maximum being reached after 5 min. 

Whereas Jak2 and Tyk2 phosphorylation return to basal levels within 15 min, Jakl 

phosphorylation was much more persistent. To establish the role of these Janus kinases in the 

phosphorylation of STATS, we preincubatcd BI1K." cells with the specific Jak inhibitor 

—~mm mam~~> —• 

phospho-Jak2 

Jak2 

phospho-Tyk2 

Tvk2 

Figure 6: FVIIa stimulation induces 

activation of Jak kinases. BHK."' cells 

were stimulated for the indicated times. 

Subsequently, Jakl, Jakl and Tykl were 

analyzed for phosphorylation on Western 

Blot. Total amounts of Jakl. Jak2 and 

Tyk2 were determined, using antibodies 

directed against total Jakl, Jak2 and 

Tyk2. 

+ - + 100 nM FVIIa 

phospho-STATS 

STAT5 

phospho-p42/p44 

p42 

0 5 10 25 p.MAG-490 

Figure 7: STAT5 phosphorylation, but 

not MAP kinase phosphorylation is 

mediated by Jak kinases. Cells were 

preincubatcd with various concentrations 

of the specific Jak-inhibitor AG-490 and 

subsequently stimulated with 100 nM 

FVIIa. STAT5 and MAP kinase 

phosphorylation as well as total amounts 

of these proteins were determined by 

Western Blot. 
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AG490. As can be seen in Fig. 7 a 25 mM preincubation with this inhibitor abrogates FVIIa-

induced STAT5 phosphorylation, without affecting other FVIIa-induced signaling pathways 

such as the p42/p44 MAP kinase pathway. We further explored the role of Jak kinases in this 

system by transiently transfecting BHKTF cells with DNA-constructs, encoding kinase-dead 

variants of Jak 1, Jak2 and Tyk2 (20,21). As can be seen in Fig. 8, transfection of cells with 

kinase-dead Jak2 abrogated FVIIa-induced STAT5 phosphorylation, whereas the use of a 

kinase-dead Jakl or Tyk2 mutant did not have this effect. We concluded that, although FVIIa 

induces activation of Jakl, Jak2 and Tyk2, only Jak2 is essential in FVIIa-dependent STAT5 

phosphorylation. 

FVIIa + + + + + + 

AJakl 
A.Iak2 
ATyk2 

Phospho-STATS 

STAT5 

Jakl 

Jak2 

Tvk2 

Figure 8: Jak2, hut not Jakl or Tyk2 is required for FVIIa-induced STA T5 phosphorylation. BHK cells 

were transfected with kinase-deadJak I. Jakl arid Tyk.2 mutants, after which cells were starved and stimulated 

with 100 HM FVIIa. Cell lysates were analyzed on Western Blot for STA T5 phosphorylation, total amounts of 

STA T5 and total amounts of Jak kinases. 

FVIIa induces STAT5 translocation and transactivation- STAT5 translocation to the 

nucleus is essential for STAT5 function and thus if FVIIa-dependent STAT5 phosphorylation 

is relevant it should result in such a translocation. Hence, BHKTF were subjected to FVIIa for 

various times and subsequently, cell fractionation was employed to produce nucleus-enriched 

and cytosol-enrichcd fractions. As can be seen in Fig. 9A, FVIIa treatment produces a marked 

increase in STAT5 phosphorylation in both the cytosolic and the nuclear fraction. Strikingly, 
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STAT5 phosphorylation in the cytosol was still evident after 60 min whereas phosphorylation 

of STATS in the nucleus was transient and returned to basal levels at 30 min. The latter might 

be due to the presence of nuclear-localized STAT phosphatases, such as TC-PTP, which has 

been shown to dephosphorylate STAT5 in the nucleus (22). To further establish the relevance 

of FVIIa-induced STAT5 phosphorylation, we made use of a STAT5-responsive luciferase 

reporter construct. Cells were transfectcd with either this construct or a constitutive luciferase-

expressing construct. After starvation, cells were stimulated with 100 nM FVIIa for 3 hrs, and 

luciferase activity was determined. Fig. 9B shows that a 3 hrs treatment with FVIIa strongly 

enhances luciferase activity. Thus FVIIa provokes Jak2-dependent STAT5 phosphorylation, 

nuclear translocation and transactivation. 
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Figure 9: FVIIa stimulates STAT5 translocation to the nucleus and STATS-dependent gene transcription. 

(A) Cells were starved and stimulated with FVIIa for various times. Subsequently, cells were fractionated into 

cytosolic and nuclear fractions and these fractions were analyzed for phosphorylated STATS contents by 

Western Blot. Total fS-actin contents were also determined as a measure for the purity of the fractions. (B) Cells 

were transfected with NTCP-luciferase or CMV-luciferase. After serum starvation, cells were stimulated with 

FVIIa for 3h and luciferase activity was determined. To exclude aspeci/ic signals, the normalized luciferase 

activity was obtained by dividing the signal from cells transfected with NTCP-luciferase, by the signal obtained 

from cells transfected with CMV-luciferase. 
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Discussion 

It is now generally recognized that TF, apart from its role in coagulation, is an important 

mediator in inflammatory processes (5,6,8,23). The molecular basis, however, of this role 

remains unclear. Since TF bears striking sequence homology with the IFN a,(3 and y receptor 

(15), it is possible that FVIIa:TF binding leads to signaling similar to that evoked by 

interferon receptors. In the present report we provide evidence that FVIIa provokes Jak2-

dependent phosphorylation of STAT5, followed by nuclear translocation and transactivation 

by this transcription factor. An important implication of this work is that the sequence 

homology of TF with the cytokine class II receptors is reflected in the activation of similar 

downstream effector mechanism, i.e. Jak/STAT signaling. As Jak/STAT responses are firmly 

linked to pro-inflammatory responses, Jak/STAT activation may well be implicated in TF 

action in inflammation. 

Figure 11: Proposed mechanism for FVlla:TF-

induced Jak-STAT signaling in BHKTI cells. The 

FVIIa:TF complex targets a still unknown 

transmembrane protein, leading to, activation of Juki, 

Jak2 and Tyk2. Jak2 subsequently phosphoiylates 

STA T5A and B inducing nuclear translocation. Once in 

the nucleus STA T5, possibly as a doner or in complex 

with another STA T induces gene transcription. 

-113-



Chapter 5 

However, despite the fact that TF resembles a class II cytokine receptor, the nature of the 

signaling cascade leading to activation of the Jak2/STAT5 pathway completely differs from 

that observed after activation of class II cytokine receptors, which directly recruit Jaks to the 

intracellular domain of the receptors. We showed that STAT5 phosphorylation is 

independent of the TF cytoplasmic tail, but relies on the proteolytic activity of FVIIa. These 

data are most consistent with the often-proposed platform hypothesis, in which TF serves as a 

docking site for FVIIa, which in turn proteolytically cleaves and thereby activates a protease 

activated G protein-coupled receptor. One of the proteins that has frequently been implicated 

in FVIIa:TF-dependent signaling is Protease-activated Receptor 2 (PAR-2) (24). However, 

the nature of the transmembrane receptor in BHKTF cells remains obscure (25). Thus TF may 

resemble a cytokine receptor, acts as a cytokine receptor via the activation of STATs, but may 

achieve this employing atypical signaling mechanisms. 

Using recombinant FVIIa and a BHK. cell line expressing full length TF, we observed 

transient phosphorylation of STAT5 coinciding with activation of Jakl, Jak2 and Tyk2. 

Although only functional Jak2 was required for STAT5 responses, it is to be expected that the 

activation of the other Janus kinases will have downstream consequences as well, leading to 

for instance phosphorylation of other members of the STAT family of signal transducers. 

Indeed in preliminary experiments we have seen enhanced phosphorylation of STAT6 in 

response to TF, although this response is less robust than the STATS responses observed in 

the present study (S. Slofstra, unpublished observations). Nevertheless, it is tempting to 

speculate that different Jak kinases may target different STATs, but obviously further work is 

needed to substantiate this notion. 

The functioning of STAT5 in pathophysiology has not been very well investigated but we feel 

that F Vila-dependent STAT5 activation may well be important in the various functions of TF 

in physiology. It has been reported that STAT5 mediates gene expression of CIS and 

Oncostatin M (26,27), which are important mediators of cytokine signaling and inflammatory 

processes. This could very well correlate with a role for TF, observed in inflammation. 

Importantly, induction of this STAT5 phosphorylation was already observed at concentrations 

as low as 1 nM. Since plasma levels of factor VII are normally maintained at 10 nM, this 

concentration of FVIIa appears to be a physiological relevant concentration. We reported 

earlier that FVIIa-induced activation of proteins such as c-Akt/PKB occurs at slightly higher 

concentrations of approximately 10 nM. suggesting that FVIIa-induced STAT5 
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phosphorylation is a relatively efficient process. We currently do not know the nature of the 

differences in concentration-dependency observed between PK.B activation and STAT5 

activation, but it is possible that this difference might be due to activation of different G-

proteins coupling to the FVIIa proteolytic target. Disregarding the molecular mechanism, in 

the present study we have shown that STAT5 activation is a major target for FVIIa-dependent 

signal transduction and future experiments should address the importance of this activation 

for pathophysiology. 
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Chapter 6 

Abstract 

Tissue factor (TF) and factor Vila (FVIla) are the primary initiators of the blood coagulation 

cascade, but are also implicated in other physiological and pathological events. TF and FVIla 

are established promoters of tumor metastasis, although the molecular background of this 

phenomenon is still unclear. Hence, we investigated the effects of TF and FVIla on both 

serum starvation and apoptosis induced by loss of adhesion. Here we show that FVIla induces 

cell survival in TF-expressing cells that are serum deprived at concentrations that are 

physiologically relevant. FVIla also inhibited starvation-induced activation of caspase-3 and 

this caspase-3 inhibition was reversed using PI3 kinase and MEK inhibitors. Furthermore, 

FVIla was capable of rescueing cells that were grown in suspension and thus lacked intcgrin 

signaling. In accordance, FVIla inhibited loss-of-adhesion-induced caspase-3 activation. Cells 

lacking integrin signaling showed a prolonged activation of PKB and MAP kinase after FVIla 

stimulation, suggesting that both PKB and MAP kinase are important in adhesion-

independent survival of TF-expressing cells by FVIla. Finally, we determined the influence of 

the TF cytoplasmic tail, by making use of a cell line expressing a truncated form of TF. We 

observed that, whereas the absence of this cytoplasmic tail led to decreased survival after 

serum starvation, it enhanced survival in suspension cells. We hypothesize that FVIIa:TF 

complcxation may facilitate metastasis by enhancing cell survival and introducing adhesion-

independence and that the cytoplasmic tail may be of importance for this phenomenon. 
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Introduction 

Tissue Factor (TF), a 47 kDa transmembrane protein, is the primary initiator of the 

coagulation cascade, but has also been linked to a variety of coagulation-independent 

processes. Especially, the role of TF in metastasis attracts widespread interest, because of its 

obvious clinical relevance. Metastatic cells show substantial overexpression of TF, often 

amounting to a 1000-fold increase (1). Moreover, TF expression showed to be a significant 

and independent risk factor for hepatic metastasis in patients with colorectal cancer (2,3). In 

experimental models, introduction melanoma cells that overexpress TF in severe combined 

immunodeficient (SC1D) mice, promotes efficient hematogenous metastasis (I). Finally, 

inhibition of TF receptor function and consequent reduction in local protease generation, 

heavily impairs experimental metastasis. The molecular mechanisms responsible for this TF-

mediated metastasis have not been identified but it is most likely that TF fulfills a critical role 

in intracellular processes, evoked by factor Vila (FVIIa), the natural ligand for TF. Indeed, it 

has been demonstrated that ligand binding of Vila to TF is required for metastasis and that the 

FVIIa proteolytic activity is required for TF-mediated metastasis (4). 

The FVIIa:TF complex is thought to target a so-called Protease-activated Receptor (PAR), 

which is a 7x transmembrane protein, linked to a heterotrimeric G-protein, most likely PAR-2 

(5). FVIIa.TF induces a large variety of signal transduction events possibly implicated in 

metastasis. It results in activation of the proto-oncogene p21Ras, leading to activation of the 

MAP kinase pathway and gene expression (6-10). Furthermore, FVIIa induces activation of 

the Protein Kinase B (PKB) pathway (8,11). Activation of this pathway frequently leads to 

protein synthesis and importantly, FVIIa-induced increases in protein synthesis have been 

demonstrated in several cell types ( I I ) and is essential for FVIIa-induced production of 

factors such as IL-8 (12). Strikingly, both the MAP kinase pathway and the PKB pathway are 

also known for their capacity to inhibit programmed cell death, or apoptosis (13-16). 

Inhibition of apoptosis is one of the major features of a tumor cell and often leads to 

adhesion-independence and metastasis. Therefore we asked ourselves whether this FVIIa-

induced activation of MAP kinase and PKB could lead to an inhibition of apoptosis and loss 

of adhesion dependence. To investigate the possibility that FVIIa and TF lead to increased 

cell survival, we made use of a cell line that expresses high levels of TF, a feature common to 

tumor cells and metastatic cells. We show here that FVIIa does indeed inhibit apoptosis in 
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serum-deprived BHK cells stably transfected with TF (BHK ). This inhibition was still 

detectable at physiological concentrations and not affected by thrombin- or FXa-inhibitors. 

Furthermore, we show that FVIIa inhibits caspase-3 activation in serum-deprived cells. 

Therefore we conclude that FVIIa could be a survival factor for TF-expressing cells, 

mediating survival of tumor cells and metastatic cells. 
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Experimental Methods 

Materials- The antibodies raised against activated caspase-3 was purchased from Cell 

Signaling Technologies (CST), whereas the antibody against p-actin was from Santa Cruz. 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was from Sigma (St. 

Louis, MO). LY294002 as well as PD98059 were from Alexis. Hirudin was from Calbiochem 

and Tick Anti-coagulant Protein (TAP) was a kind gift from Dr George Vlasuk (Corvas 

International, Inc., San Diego, California). Tissue Culture material was from Greiner Bio-one 

(Alphen a/d Rijn, The Netherlands). 

Cell culture- Baby hamster kidney cells, either stably transfected with full length TF or with 

a TF cytoplasmic domain-deleted mutant, were maintained in Dulbecco's Modified Eagles 

Medium, supplemented with 10% Fetal Calf Serum (FCS, Gibco) and penicillin/streptomycin, 

at 37°C. and 5% C02 in a humidified environment. The cells were routinely passaged three 

times per week. Starvation was carried out in DMEM deprived of FCS, for 20 hours. 

PD98059 and LY294002 were preincubated for 30' in the concentrations indicated. 

Coating procedures- For survival assays and caspase-3 analysis in suspension, 24-wells 

plates were coated overnight with 1 ml 10 mg/ml polyHEMA (poly(2-

hydroxyethylmethacrylate)). 

Survival assay- BHKTF cells were seeded in 24-well plates and serum starved for 16 hours in. 

Subsequently, when appropriate, the cells were preincubated with 50 U/ml hirudin or 400 nM 

TAP for 30 min. After that, the cells were stimulated with FVIIa. Cell survival was 

determined at regular intervals, using an MTT assay as described before (17,18). Briefly, 0.5 

mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was directly 

added to the media, for 30 min at 37°C. Subsequently, the media were aspirated and the cells 

were lysed in isopropanol/0.04 N HC1. The OD550 of this solution was determined, using an 

ELISA reader. 

Western Blotting- After incubation, cells were kept on ice and washed with ice-cold 

phosphate buffered saline (PBS). After that, the cells were rapidly harvested by adding 100 ul 

of heated (95°C) sample buffer (125 mM Tris/HCl, pH 6.8; 4% SDS; 2% p-mercaptoethanol; 
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20% glycerol. 1 mg bromophenol blue) lysates were collected by scraping. After a 5 min 

incubation at 95°C. 30 pi of the lysates were loaded onto SDS-PAGE and subsequently 

transferred to a PVDF membrane. The membranes were blocked with tris-buffered saline 

supplemented with 0.1% tween (wash buffer) and 2% low-fat milk powder, and incubated 

with primary antibody over night at 4°C, diluted 1:1000 in wash buffer containing 2.5% BSA. 

Subsequently, the membranes were incubated with a horseradish peroxidase-conjugated 

secondary antibody in wash buffer, containing 2% low-fat milk powder. The bands were 

visualized, using Lumilight plus" ECL substrate from Roche and a chemiluminescence 

detector with a cooled CCD-camera (Genegnome) from Syngene. Antibody bands were 

quantified using Genetools from Syngene. 
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Results 

FVIIa inhibits apoptosis induced by serum deprivation, independent of FXa or 

thrombin generation- The primary initiator of coagulation, TF, is frequently uprcgulated on 

the surface of tumor cells and metastatic cells (2,3,19-21). Complexation of TF with its 

natural ligand FVIIa, leads to activation of Protein Kinase B (PKB) also known as c-Akt 

(8,11) in several cell types. Since PKB has anti-apoptotic properties, we decided to investigate 

the potential of FVIIa to inhibit apoptosis. To that end BHKTF cells were seeded in 24-wells 

plates and serum starved to induce apoptosis. After 16 h. cells were treated with 100 nM 

FVIIa or were left untreated. Cell survival was monitored in time, using an MTT assay. As 

can be seen in Fig. 1, serum starvation is a strong inducer of cell death. However, we 

observed that incubation with 100 nM FVIIa considerably inhibits this serum starvation-

induced apoptosis. Furthermore, FVIIa induces survival in a concentration-dependent manner 

at concentrations as low as 1 nM, which is well below the physiological plasma concentration 

of the zymogen FVII (10 nM). Therefore, we conclude that physiological concentrations of 

FVIIa induce cell survival in BHKTF cells. 

FVIIa:TF complexation may lead to formation of FXa and thrombin, coagulation factors that 

are both potent inducers of intracellular processes and thus possibly cell survival. Therefore, 

we preincubated BHK1F cells with 25 u/ml of the specific thrombin-inhibitor hirudin or 200 

150-i 

© 100-

50-

0 

B 
1.00-1 

mock Hirudin TAP time (days) 

Figure 1: FVIIa induces cell survival in BHK cells, transfected with full length TF independent of FXa or 

thrombin. (A) Cells were seeded in 24-wells plates and serum starved for 16 h. At day 0, mock (black dots) 

or I Of) nM of FVIIa (black squares) was added and survival was measured using an MTT-assay. (B) Cells were 

starved and preincubated with 25 U/ml Hirudin or 200 nM TAP. Subsequently, cells were treated mock (white 

bars) or with 100 nM FVIIa (black bars) fori days. Experiments were in triplicate, SEMs are shown. 
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nM of the FXa-inhibitor TAP prior to the administration of 100 nM FVIIa. Fig. shows that 

both hirudin and TAP do not abrogate FVIIa-induced inhibition of apoptosis. and therefore 

involvement of FXa or thrombin in this system is excluded. Hence, the effects of FVIIa on 

cell survival are independent of downstream coagulation. 

Active site-blocked FVIIa inhibits FVIIa-induced survival- We wondered whether a 

proteolytically inactive form of FVIIa (FVIIai) could inhibit survival mediated by FVIIa, thus 

whether proteolytic activity was necessary for this effect. Therefore, we incubated cells for 

30' with 100 nM FVIIai or 1000 nM FVIIai, prior to stimulating cells with 100 nM FVIIa. 

Fig. 2 shows that 1000 nM of FVIIai potently inhibited FVIIa-induced survival, whereas 100 

nM of FVIIai only had a half-maximal effect. Apparently, the proteolytic activity of FVIIa is 

mandatory for FVIIa-induced survival and hence FVIIai could form an interesting candidate 

molecule for anti-cancer strategies. 

Figure 2: Active site-blocked FVIIa inhibits 

FVIIa-induced survival. Cells were starved for 

16 h and subsequently preincubated with 100 

nM or 1000 nM FVIIai. After 30 \ 100 nM 

FVIIa was added for 2 days. Survival was 

measured, using an MTT assay. The experiment 

was performed in triplicate. SEMs are depicted. 

% V \ t %, 
/ . 

' * 

FVIIa-induced survival does not require the presence of TFs intracellular tail- To 

establish whether FVIIa-induced inhibition of apoptosis is dependent on the cytoplasmic part 

of TF we also determined cell survival in BIIK cells expressing a truncated from of TF. From 

Fig. 3 it is clear that FVIIa induces cell survival in BHKTFAc l0 cells, demonstrating that the 

intracellular tail does not play a significant part in FVIIa-induced survival in serum starved 

cells. 
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Figure 3: FVlIa induces cell survival in BHK 

cells transfected with truncated TF. Cells were 

seeded in 24-wells plates and serum starved for 16 

h. At day 0, mock (black dots) or 100 nMo/FVI/a 

(black squares) was added and survival was 

measured using an MTT-assay. The experiment 

was performed in triplicate, SEMs are shown. 

15()-i 

« 100-

50-

0-

I 2 

time (days) 

FVIIa inhibits starvation-induced caspase-3 activation via the PI3-kinase and MAP 

kinase pathway- One of the major events in programmed cell death is the activation of 

caspases, which proteolytically cleave targets that play pivotal roles in essential cellular 

processes. Caspase-3 is a major effector caspase and the level of caspase-3 activation directly 

corresponds to the amount of apoptosis. To investigate the influence of FVIIa on starvation-

induced apoptosis, BHKTF cells were seeded in 6-well plates and subsequently starved in the 

Oh 2h 4h 6h lOh 24h Figure 4: FVIIa inhibits serum 

activated casnase-3 starvation-induced caspase-3 activa-
(short exposure) liolu CeUs were serum starved in 

activated caspase-3 
(long exposure) 

[3-actin 

FVIIa 

DMEM with or without 100 nM 

FVIIa for various times. Caspase-3 

activation was determined on 

Western Blot, using an antibody 

against activated caspase-3. A short 

and a long exposure are depicted. 

Equal loading was verified using an 

antibody against /3-actin. 

presence or absence of FVIIa. Cells were lysed at various times and the lysate was analyzed 

on Western Blot, using an antibody directed against activated caspase-3. Fig. 4 represents 

such a Western Blot, which shows a time-dependent activation of caspase-3, after 10 h. 

However, addition of FVIIa to the medium markedly inhibits starvation-induced caspase-3 

activation. Next we wondered which pathways could be involved in FVIIa-induced cell 

survival. Therefore, we preincubated cells with the specific PI3-kinase or MEK-inhibitors 

LY294002 and PD98059, respectively. Whereas FVIIa inhibited caspase-3 activation in this 

experiment, preincubation with PD98059 abolished the FVIIa-induced effect completely, 

-127-



Chapter 6 

whereas LY294002 partially inhibited the effect (Fig. 5). We conclude that both the MAP 

kinase and PI3-kinase pathway contribute to the FVIIa-induced cell survival. 

Figure 5: MAP kinase and P/-3 kinase contribute to 

FVIla-induced survival. Cells were serum starved in 

DMEM containing mock, PD98059 or L Y294002. After 30' 

F Vila was added for 10 h. Caspase-3 activation was 

determined on Western Blot, using anti-activated caspase-

3. Equal loading was verified using and antibody against 

fi-actin 
mock 

FVI la 

activated 
caspase-3 

(3-actin 

PD LY 

Survival in serum starved cells induced by FVIIa is concentration dependent- Next we 

wanted to know whether this FVIIa-induced cell survival occurs at physiologically relevant 

concentrations. Therefore, we stimulated cells with various concentrations of FVIIa for 2 day 

and analyzed survival by means of an MTT assay. As can be seen in Fig. 6 FVIIa-induced 

survival is concentration dependent and observed at concentrations as low as 1 nM, which is 

well below physiological plasma concentrations of FVII, being 10 nM. 

0.4-1 

Figure 6: Concentration effects of FVIIa on cell 

survival. Cells were serum starved and subsequently 

incubated with various concentrations of FVIIa. 

Survival was measured using an MTT-assay. The 

experiment was performed in triplicate, SEMs are 

shown. 

1 5 10 50 100 
concentration (nM) 

FVIIa induces adhesion independence- Metastasis, a process associated with TF and 

functional FVIIa, is highly dependent on detachment of cells from their environment. Loss of 

adhesion will typically result in anoikis, a form of apoptosis. However, metastatic cells 

develop an adhesion-independence that allows them to migrate through the organism. It did 

not escape our attention that serum starvation cells resulted in detachment of cells from their 

extracellular matrix. However, FVIIa-incubation resulted in a significantly higher survival of 

the suspension cells, compared to non-treated cells (Fig. 7). This survival appeared to be 

more robust in cells expressing the truncated TF mutant. These data indicate that FVIIa-

treatment 
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B 
50 -i 

time (days) time (days) 

F i g u r e 7: FVIIu induces survival in suspension cells. Cells were treated as described in Fig 1A. After 

addition of MTT, the suspension fractions were collected by centrifugation and analyzed for survival. Panel A 

represents BHK" and panel B represents BHK" ''" cells. Connected dots represent untreated cells and 

connected squares represent stimulated cells. Data are presented as fractions of the sur\>ival of adherent cells at 

day 0. The experiments were performed in triplicate. SEMs are depicted. 

dav 1 dav3 

B 

dav 1 dav 3 

c 
1= 300 F i g u r e 8: FVIIa induces adhesion independence. BHK™ (A) 

or BHK J "" cells (B) were grown in polyHEMA-coatedplates in 

DMEM. containing 1% FCS and stimulated mock in the presence 

of TAP and hirudin (white bars). FVIIa in the presence of TAP 

and hirudin (black bars), or FVIIa without inhibitors (striped 

bars). (C) BHK7'' cells grown in tissue culture-treated plates were 

included as a positive control. Experiments were performed in 

triplicate. SEMs are depicted. 
time (days) 
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of TF-expressing cells may induce adhesion-independence. To investigate this possibility we 

decided to measure cell survival in cells that were grown in suspension. To this end, BHK 

cells were plated on polyHEMA-coated 24-wells plates. After 16 h. 100 nM of FVIIa was 

added and survival was monitored for several days. As evident from Fig. 8A and B, 

suspension growth resulted in a decreased viability in both BHK11" and BHKIFAcyl° cells. 

Strikingly, addition of FVIIa resulted in MTT values that were comparable to those observed 

in proliferating cells, grown in tissue culture-treated plates (which enables adhesion signaling 

(Fig. 8C)). In addition. FXa and thrombin inhibitors did not have a significant effect on 

FVIIa-induced adhesion-independence. These results suggest that FVIIa can overcome 

apoptosis induced by loss of adhesion, resulting in serum-induced proliferation. 

Active site-blocked FVIIa inhibits FVIIa-induced survival in suspension-grown cells- To 

test the potency of FVIIai as an inhibitor for FVIIa-induced survival in suspension cells, we 

again pretreated cells for 30' with 100 nM FVIIai or 1000 nM FVIIai, prior to stimulating 

cells with 100 nM FVIIa. Survival we again measured by means of an MTT assay. From Fig. 

9 it is clear that, also in suspension-grown cells, FVIIai potently inhibits FVIIa-induced 

survival. Moreover, FVIIai proved to be much more potent in this system compared than in 

serum starved cells that were treated with FVIIa (Fig 2); preincubation of cells with FVIIai 

concentrations that were as low as the concentrations of FVIIa that were used to stimulated, 

already inhibited survival to subbasal levels. 

0.15 

Q ' J ^ ^ _ Figure 9: Active site-blocked FVIIa inhibits 
Q 0. I 0 ~| j 

1 FVIIa-induced survival. Cells were grown in 

suspension and subsequently preincubated with 

g Q Q5 J n#~ 100 nM or 1000 nM FVIIai. After 30', 100 nM 

FVIIa was added for 3 days. Survival was 

measured, using an MTT assay. The experiment 

0.00 — — — — — was performed in triplicate, SFMs are depicted. 
'O <00 *ly "P 

% %• *<a 
:'o 
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Survival in adhesion-deprived cells induced by FVIIa is concentration dependent- We 

next determined the physiological relevance of FVIIa-induced adhesion-dependence. BHK 

cells were grown in suspension for 16 h and subsequently incubated with various 

concentrations of FVIIa for 3 days. After MTT analysis, it becomes clear that FVIIa-induced 

adhesion-independence is detectable at concentrations as low as 5 nM (Fig. 10), implying that 

this phenomenon could be physiologically relevant. 

O.lOn 

O 

"5 0.05 H 

0.00-

1 5 10 50 100 

concentration (nM) 

Figure 10: FVIIa-induced adhesion-

independence is concentration-dependent. Cells 

were grown in suspension and subsequently 

incubated with various concentrations of FVIIa. 

Survival was measured using an MTT-assay. The 

experiment was performed in triplicate. SEMs are 

shown. 

FVIIa inhibits caspase-3 activation, induced by loss of adhesion- Since FVIIa induced 

survival in cells that were grown in suspension, we also decided to investigate the potential of 

FVIIa to inhibit caspase-3 activation induced by loss of adhesion. Therefore, cells were grown 

in polyHEMA-coated plates in the presence of absence of FVIIa. The cells were kept in 

DM EM, supplemented with 1% FCS to ensure that apoptosis was solely induced by loss of 

adherence and not by serum starvation. Cells were also grown in cell culture plates, in 

DMEM containing 1% FCS as a negative control for caspase-3 activation. Whereas cells 

grown in tissue culture-treated plates only showed a modest activation of caspase-3 after 16 

and 40 h., cells grown in suspension displayed a clearly increased activation of caspase-3 

(Fig. 11). Importantly, this caspase-3 activation was inhibited by FVIIa treatment, suggesting 

that FVIIa can override anoikis. 

FVIIa induces prolonged PKB and MAP kinase activation in suspension cells- In BHK 

cells that were serum starved, FVIIa elicited a strong transient phosphorylation of the anti-

apoptotic kinases PKB and MAP kinase (6,11). We decided to investigate PKB and MAP 

kinase phosphorylation in cells, lacking adhesion signaling. Therefore, cells were adhered to 

poly-L-lysin and stimulated with FVIIa for various times (Fig. 12). Whereas in serum starved 
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16h 40h 

adh susp. adh susp. 

FVIIa 

Figure 11: FVIIa inhibits caspase-

3 activation in suspension. Cells-

were grown on cell culture plates 

(adh) and in suspension in DMEM, 

a c t i v a t e d supplemented with 1% FCS. 30min 

c a s p a s e - 3 uf-ter addin0n of 200 nM TAP, 100 

nM FVIIa was added for the times 

indicated. Caspase-3 activation was 

determined on Western Blot, using an 

antibody against activated caspase-3. 

(3-actin 

+ + 

0' 5' 10' 15' 20' 30' 45' 60' 90' 120' 

phospho-PKB 

phospho-p42/p44 

P-actin 

Figure 12: FVIIa stimulation of suspension cells results in prolonged PKB and MAP kinase phosphorylation. 

Cells were grown in polyHEMA-coated plates and stimulated with 100 nM FVIIa for the times indicated. 

Phosphorylated PKB and MAP kinase levels were determined, usingphospho-specific antibodies on Western Blot. 

BHK cells, PKB has been reported to show a transient phosphorylation between 5" and 20* 

after stimulation with FVIIa, incubation of suspension cells with this protease led to 

prolonged activation of PKB; increased phosphorylation was still evident after 2 h of 
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stimulation. In accordance, MAP kinase showed a prolonged phosphorylation profile as well, 

when compared to serum starved cells. This suggests that both MAP kinase and PKB are 

important in FVIIa-induced survival in suspension-grown BHK cells. 
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Discussion 

Programmed cell death or apoptosis is a complex mechanism that is activated upon DNA 

damage or absence of essential input signals from growth factors or binding of the cell to the 

extracellular matrix (22). Aberrant regulation of the apoptotic pathways, resulting from 

mutations or excessive activation of the anti-apoptotic pathways may lead to the formation of 

tumor cells and metastasis. Two of the signal transduction pathways that are frequently found 

involved in anti-apoptosis are the PI3-kinase/PKB pathway and the MAP kinase pathway. TF, 

a protein that is involved in coagulation, but is also associated with metastasis (1-3), has been 

shown to be an important factor for FVIla-induced activation of both pathways (6-8). 

Therefore we sought to find an explanation for the involvement of TF in metastasis, by 

characterizing the FVIla-induced intracellular processes that may lead to inhibition of 

apoptosis. We show that incubation of TF-overexpressing cells with FVIIa leads to cell 

survival, both in serum starved cells and in cells that lack adhesion signaling. We also show a 

FVIla-induced inhibition of caspase-3 activation that, in serum starved cells, is dependent on 

the MAP kinase and PKB pathway. Thus FVIIa, present in the bloodstream may provide 

important survival signals during the first stages of the metastatic process. 

The contribution of TF and FVIIa to the metastatic process are most likely determined by 

their concentrations. Tumor cells and metastatic cells often show over-expressed TF levels (1-

3), but FVII levels, normally reaching plasma levels of 10 nM. do not allow for much 

variation. Therefore it is not likely that metastasis is induced by enhanced levels of FVII. 

Importantly, we show that cell survival, mediated by FVIIa, occurs at levels that correspond 

with plasma levels of FVII, being as low as 1 nM and 5 nM in serum starved cells and 

adhesion-deprived cells respectively. 

We have also shown that the use of active site-blocked FVIIa (FVIIai) prior to exposure of 

cells to FVIIa potently inhibits FVIla-induced survival. With regard to serum starved cells, 

inhibition of FVIla-induced survival by FVIIai was concentration-dependent and only 

reduced viability to base levels at a 10-fold concentration of that used for incubation with 

FVIIa. These data suggest that FVIIai acts as a competitive inhibitor in this experiment. 

However, FVIIai-pretreatment of cells that were grown in suspension, resulted in decreased 

viability to subbasal levels, even at concentrations that were equal to the concentrations of 
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FVIIa used to stimulate the cells. This suggests that FVIIai in this experiment acts as a 'real' 

inhibitor rather than as a competitive inhibitor. The reason for this differential behavior of 

FVIIai is still unclear, but may rely on disturbed internalization of the FVIIa:TF complex in 

suspension-grown cells. 

Another important enigma concerns the TF cytoplasmic tail. So far, a significant role for this 

TF domain in physiology has not been found (23,24). Deletion of the cytoplasmic tail has not 

been found to significantly affect processes such as signal transduction or embryonic 

development. However, there are indications that the cytoplasmic tail could fulfill a role in 

pathological processes. For instance, in monocytes, a cell type that only expresses TF after 

sepsis or inflammatory processes, the cytoplasmic tail has been shown to be essential for 

production of Reactive Oxygen Species (ROS), which are important mediators of 

inflammatory reactions (25). In addition, in melanoma cells, over-expression of the TF 

cytoplasmic domain, but not the extracellular domain, results in enhanced VEGF expression 

(26). Our research seems to point towards a role for the TF cytoplasmic domain in adhesion, 

since absence of this domain results in increased adhesion-independence after incubation of 

cells with FVIIa. This would be in accordance with data from other researchers, showing a 

link between the cytoplasmic tail and the actin cytoskeleton, a structure that is highly 

associated with adhesion. For instance, Ott et al., have shown a high affinity of the 

phosphorylated cytoplasmic tail for Actin-Binding Protein-280 (27). Moreover, Muller et al. 

have localized TF mainly in actin-rich domains of the cell, with a role for the cytoplasmic tail 

in actin-driven movement (28). 

In conclusion, we have shown that FVIIa induces survival in serum starved cells and detached 

cells that over-express TF, pointing out a role for these coagulation factors in metastasis. This 

survival occurs at physiological concentrations of TF and is dependent on the MAP kinase 

and PI-3 kinase pathway. The cytoplasmic domain may play a role in this process. 
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Chapter 7 

The interaction of tissue factor (TF) with factor Vila (FVIIa) is of crucial importance for 

hemostasis. In addition. TF/FVIIa binding has important coagulation-independent functions, 

especially in embryonic angiogenesis, oncogenic angiogenesis. leukocyte reverse 

transmigration, inflammation and the progression of lethal E. coli sepsis (reviewed in 1). With 

the discovery of a variety of signal transduction events elicited in TF expressing cells upon 

addition of FVIIa there is now little doubt that TF/FVIIa complexation not only stimulates 

hemostasis but also alters cellular physiology of the TF expressing cell, although the 

underlying molecular mechanism is controversial (1). 

After its cloning in 1987, it was reported that the 295 amino acid TF polypeptide chain did not 

bear significant homology with other proteins. 1/7 silico studies, however, highlighted the high 

degree of structural similarity of TF with the super family of interferon receptors (IFNR)-a/|3 

and y (2). This notion was confirmed by the crystal structure of TF and it is often assumed 

that TF is derived from an ancestral gene that also gave rise to the cytokine receptor family. 

Today, however, much more sequence information as to TF and cytokine class II receptors in 

a variety of species is available, allowing better studies as to the inter-relationship between TF 

and the other members of the cytokine class II family. 

We searched the available genomic databases for homologues of human (Homo Sapiens) TF 

and compared the sequences found to human IFNR-y and mouse (Mus musculus) IFNR-a/p. 

We recovered a mouse, rat (Ratlus norvegicus), guinea pig (Cavia porcellus) and Cow (Bos 

Taurus) TF sequence, of which the corresponding proteins have been functionally 

characterized. In addition, two highly homologous fish sequences were found in trout 

(Oncorhynchus mykiss) and puffer fish (Takifugu rubripes). The respectively short and absent 

intracellular domains of these sequences strongly suggests that these are representatives of a 

fish family of TFs rather than fish homologues of the IFNRs. Nevertheless, it is striking to 

Figure 1: Schematic representation of genetic divergence based on the extracellular (A), transmembrane (B) 

and intracellular (C) domains of TF, IFNR-yl and tFNR-y2. The protein sequences are derived from GenBank 

accession numbers: AAHIW29 (human). P30931 (bovine). P24055 (rabbit). AAF36523 (guineapig). NP_034301 

(mouse). P42533 (rat). CAC82787 (trout). AAF47763 (fruit fly). EAA12120 (malaria mosquito). NP_032364 

(mouse IFNRy-2) and AAK30623 (human IFNR-yl). The TF sequence of puffer fish is available on: 

http://wM\\ncbi.nlm.mh.gov/blast/dumpgnlxgi?db=genomes%2Ffuguj3S&na=0&gnI= 

764&RID=1034160711-025179-32615&segs=0-236&seal=451408229C30FCFA20C900CC5692E984. 

-140-

http://wM//ncbi.nlm.mh.gov/blast/dumpgnlxgi?db=genomes%2Ffuguj3S&na=0&gnI=


In-silico TF comparison 

Drosophila 
melanogaster 

Anopheles 
gambiae 

Oncorhynchus 
mykiss 

rj\... 

A 

Takifugu 
rubripes 

fi°~\ Mus 
*~~(~ j musculus 

V Rattus 
Mus norvegicus 

musculus „--—">, ^ t , 
-c-\ /*« C \ Oryctolagus 

'} '-Lr^>y Cavia Homo cuniculus 
\ " \_ porcellus sapiens 

JQ) 
| \ I tóurus 

Figure 1 

-141-



Chapter 7 

note that the similarity of these fish sequences to either the human IFNR-y or the mouse 

IFNR-a/p is almost as good as the homology to the mammalian TF sequences. Hence, the last 

common genetic precursor for IFNR and TF genes would appear to have existed shortly 

before the divergence between the Crossopfeiygii (from which the land-dwelling vertebrates 

have descended) and the Actinoptetygii (the vast majority of contemporary bone fish) 

somewhere in the Devon era (330-290 million years ago). Furthermore, no IFNR sequences 

were detected in fish and thus TF appears the most ancient member of cytokine class II 

receptor family from which the IFNRs are relatively novel branches. 

Interestingly, two insect sequences, one in the fruit fly (Drosophila melanogaster) and one in 

the malaria mosquito {Anopheles gambiae) and quite homologous to each other emerged from 

our search. The sequence homology of the extracellular domain of these sequences to the 

extracellular domain of vertebrate TF and IFNR indicates that these insect genes share a 

common ancestral gene with vertebrate cytokine class II receptors. No functional data are 

available with respect to these insect genes, but the resemblance of haemolymph coagulation 

to mammalian coagulation makes it tempting to suggest that these proteins are representative 

of an insect family active in lymphostasis. Less stringent homology searches revealed lists of 

extracellular prokaryotic proteins, most often involved in secretion system II. Thus, the 

cytokine class II receptor family has probably evolved from an ancient gene coding for a pre-

eukaryotic extracellular protein. 

We investigated the intracellular domain as the functional significance of this domain is under 

debate. The intracellular domain of TF is dispensable for many aspects of TF signal 

transduction, as evident by experiments in which intracellular-truncated TF is transfected 

baby hamster kidney cells (3). Moreover, mice genetically modified only to express a TF 

containing the extracellular and transmembrane regions did not display a phenotype (4). In 

contrast, the intracellular domain of human TF can directly interact with cytoskeleton via 

ABP-280 (5). This interaction is dependent on TF/FVIIa interaction and experiments using 

chimaeric molecules, containing the intracellular domain of TF and an unrelated extracellular 

domain, support a role for this interaction in mediating TF effects on cell spreading. 

Interestingly, we observed strong conservation between guinea pig, rabbit, cow, and human 

intracellular TF, but the homology of the intracellular domain of these species with mouse 

and rat TF was weak. Thus, evolutionary pressure on the sequence of the intracellular domain 

in the former species may differ considerably from that observed in the latter. This may 
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explain why murine genetics have proven unsuccessful in establishing a role for the 

intracellular domain. 
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Chapter 8 

Abstract 

Assaying activation of signal transduction is laborious and does not allow the study of large 

numbers of samples, essential for high-throughput drug screens or for large groups of 

patients. Using phosphospecific antibodies, we have developed EL1SA techniques enabling 

non-radioactive semi-quantitative assessment of the activation state of p42/p44 MAPK, p38 

MAPK, protein kinase B and the transcription factor CREB in 96 well plates. This assay has 

been termed PACE (Phosphospecific Antibody Cell-based ELISA) and was successfully used 

for both adherent and suspension cells. Various stimuli induced dose-dependent enzymatic 

activity of which the kinetics closely correlated with those measured via classical 

methodology. Using PACE we have now characterized for the first time the concentration-

dependent effects of various inflammatory prostaglandins on CREB phosphorylation in 

macrophages. Hence PACE is a straightforward and novel technique enabling the large-scale 

analysis of signal transduction. 
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Introduction 

Cells must continuously adapt to external stimuli. The molecular details of most of the 

underlying signaling pathways have now partially been clarified and frequently involve the 

sequential by phosphorylation of the molecules involved. Probably the best-characterized 

cascade is the signaling pathway initiated by active p21Ras leading to the sequential activation of 

Raf, MEK and p42/p44 MAPK (1-4). Other signaling cascades, analogous to this pathway, 

lead to the phosphorylation and stimulation of p38 MAPK and SAPK/JNK, which both show 

significant sequence homology to p42/p44 MAPK. Aberrant control of these signal 

transduction pathways have been implicated in a variety of pathological conditions and are 

therefore an interesting target for both drug discovery as well as for research into the alterations 

of signal transduction in primary material isolated from individual patients. 

Unfortunately, current methods for assaying activation of p38 MAPK, p42/p44 MAPK, or 

SAPK/JNK, such as Western Blotting and in-gello kinase assays are labor intensive and do 

not allow the study of large numbers of samples. The situation has improved recently with the 

advent of phosphospecific antibodies, which recognize the phosphorylated forms of proteins 

but not their unphosphorylated counterparts. However, analysis still requires SDS-PAGE 

followed by Western Blotting and this will typically not allow simultaneous loading of more 

as 20 samples. Therefore, this technique is still not suited for applications as drug discovery 

or the testing of large numbers of patients, and alternatives arc called for. 

The same situation holds true for other signal transduction components, such as c-Akt/PKB 

(5,6), which constitutes an important cellular survival signal (7). Detection of c-AKT/PKB 

activity remains dependent on kinase assays or Western Blotting. Similarly, cAMP-dependcnt 

transactivation of CRE-containing promoters through protein kinase A and phosphorylation of 

CREB (8,9) remains a difficult target for high-throughput screening. 

The above-mentioned considerations prompted us to develop an ELISA-based assay for 

measuring the activation of specific signaling pathways. We employed phosphospecific 

antibodies, which recognize the activated state of signaling components but not the 

unphosphorylated, non-active form. We used these antibodies to determine immunoreactivity of 

cells grown in 96 wells plates exposed to various stimuli and we have thus created the PACE 
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(Phosphospecific Antibody Cell-based ELISA). As PACE and similar ELISA-based techniques 

provide a non-radioactive semi-quantitative read-out of signal transduction pathways which is 

suited for the investigation of large numbers of samples and allows high-throughput screening, 

we suggest that the assessment of signal transduction by PACE will become the technique of 

choice for rapid analysis. 
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Experimental procedures 

Materials and cell culture- fMLP, poly-L-lysine, OPD and BSA were from Sigma (St. 

Louis, MO, USA). HSA was from the Central Laboratory of the Netherlands Red Cross 

Blood Transfusion Service (Amsterdam, The Netherlands). Ficoll-Paque was from Pharmacia 

(Uppsala, Sweden). Polyclonal antibody against p44/42 MAPK was from UBI (Lake Placid, 

NY, U.S.A.) and polyclonal anti-phospho-p44/42 MAPK, anti-phospho-p38 MAPK, anti-

phospho-PKB/c-Akt and anti-phospho-CREB antibodies were from New England Biolabs 

(Beverly, MA, U.S.A.) as were all in-vitro kinase assay kits. Swine-anti-rabbit peroxidase-

conjugated antibody and Goat-anti-rabbit were from DAKO. PD098059 was from Biomol 

(Plymouth, PA). Murine macrophages clone 4/4 (10) were cultured according to routine 

procedures. Blood was obtained from healthy volunteers. Mixed granulocytes were isolated as 

described earlier (11). 

Cell-based ELISA for adherent cells- Cultured murine macrophages were seeded in 96 

wells at 50,000 cells/cm2. When appropriate, the cells were serum-starved for 4 hours and 

stimulated for 10 minutes. After stimulation, the cells were fixed with 4% formaldehyde in 

PBS for 20 minutes at room temperature and washed three times with PBS containing 0.1% 

Triton X-100 (PBS/Triton). Endogenous peroxidase was quenched with 0.6 % H 20 2 in 

PBS/Triton for 20 minutes and three times washed (PBS/Triton), blocked with 10% FCS in 

PBS/Triton for 1 hour and incubated overnight with various dilutions of primary antibody in 

PBS/Triton containing 5% BSA at 4°C. Next day, cells were washed 3 times with PBS/Triton 

for 5 minutes and incubated with secondary antibody (peroxidase-conjugated goat-anti-rabbit, 

dilution 1:100) in PBS/Triton with 5% BSA for 1 hour at room temperature and washed thrice 

with PBS/Triton for 5 minutes and 2 times with PBS. Subsequently the cells were incubated 

with 50 ul of a solution containing 0.4 mg/ml OPD, 11.8 mg/ml Na2HP04.2H20, 7.3 mg/ml 

C6H807.H20 (citric acid) and 0.015% H202 for 15 minutes at room temperature in the dark. 

The reaction was stopped with 25 pi of 1 M H2S04 and the OD490/650 was measured and 

standard error of the mean was determined (error bars in figures). 

Cell-based ELISA for non-adherent cells- A 96-wells plate (Nunc. Maxisorp) was coated 

with 10 ug/ml poly-L-lysine for 30 minutes at 37°C. After two washes with sterile PBS, 

1.5xl05 granulocytes were plated into each well and incubated for 30 minutes at 37°C. 
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Granulocytes were stimulated with fMLP and fixed with 8% formaldehyde in PBS for 20 

minutes at room temperature, followed by three washes with PBS/Triton. Quenching was 

performed with 1% H2O2 and 0 .1% Azide in PBS/Triton for 20 minutes and cells were further 

treated as described for adherent cells with the exception of the use of a 1:500 dilution of the 

secondary antibody (peroxidase-conjugated swine-anti-rabbit) in PBS/Triton with 5% BSA 

for 1 hour at room temperature. 

Crystal-violet Cell quantification assay- After the peroxidase reaction, the cells were 

washed twice with PBS-triton followed by 2x with demi water. After drying the wells for 5 

minutes, 100 pi of crystal violet solution (0.04% crystal violet in 4% (v/v) ethanol/water) was 

added for 30 minutes at room temperature. Subsequently, the cells were washed at least 3 

times with dematerialized water and 100 pi of 1% SDS solution was added and incubated on a 

shaker for 1 hour at room temperature. Finally, the absorbance was measured at 595 nm with 

an ELISA reader. 

In-vitro kinase assays- Murine macrophages were grown in cither 6-well plates (p42/p44 

MAPK. assay), or 60 mm dishes (p38 MAPK and PKB assay) and serum starved for 16 hrs. 

After appropriate stimulation cells were treated according to the protocol of the manufacturer. 

Western Blotting- 40 pi of cell lysate or kinase reaction mix was loaded onto SDS-PAGE 

and blotted onto PVDF membranes. After blocking and washing, bands were visualized using 

the appropriate phosphospecific antibodies (1:1000), peroxidase-conjugated goat-anti-rabbit 

(1:2000), and enhanced chemiluminescence. 
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Results and Discussion 

Development of a p42/p44 MAPK phosphorylation assay in 96 wells plates- The 

activation p42/p44 MAPK is accomplished by phosphorylation of the protein on 

threonine183/tyrosine185 and threonine202/tyrosine204, respectively by MEK (4) and 

commercial antibodies recognising phosphorylated p42/p44 MAPK with little cross reactivity 

to the unphosphorylated form of MAPK or other cellular proteins are available (fig 1). We 

analysed how these antibodies would perform when used for an ELlSA-based assay. 

Therefore, 4/4 macrophages were challenged with different concentrations of TPA, a potent 

activator of MAPK in these cells. Subsequently, the cells were fixed, blocked and washed 

(see experimental procedures) and incubated with different concentrations of anti-phospho 
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p42/p44 MAPK antibody followed by further routine ELISA procedures, finally culminating 

in oxidation of OPD by a peroxidase reaction and determination of absorbance at 490/650 nm. 

We have termed this procedure PACE (Phoshospecific Antibody Cell-based ELISA). As 

evident from figure 1, in unstimulated cells or in the absence of primary or secondary 

antibody, little enzymatic activity is detected. Increasing concentrations of TPA, however, 

yield increased levels of enzymatic product (Figure 1A), the dose response curve observed in 

the ELISA being in strict accordance with the dose-response curve of TPA-enhanced MAPK 

activity as observed with Western Blots or in-vitro kinase assays (Figure IB and C). We 

found that at a 1:250 antiphospho p42/p44 MAPK dilution combined low background with 

high sensitivity. The specificity of PACE was further established by the observation that 

PD98059, which inhibits activation of MEK, (12) blocked the TPA-induced increase in 

absorbance (not shown). We concluded that PACE is a sensitive and specific method for 

determining p42/p44 MAPK activation. 

PACE is useful for primary isolated suspension cells- In the PACE-assay described above, 

the immunoreactive substance, i.e. phosphorylatcd p42/p44 MAPK, is immobilised via 

formaldehyde fixation of cells grown in 96 wells tissue culture plates. To adapt the assay for 

cell types which do not naturally attach to tissue culture plastic, we adhered primary-isolated 

human granulocytes to poly-1-lysine-coated ELISA plates. When tested in PACE according 

to the procedures employed for 4/4 macrophages we 
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encountered a high background signal due to endogenous peroxidase activity. Inclusion of 0.1 

% sodium azide was sufficient to quench this activity. Concentration and temporal-dependent, 

PD98059-sensitive, fMLP-induced enzymatic product formation was readily detected (Figure 

2). The p42/p44 MAPK activation of FMLP closely matched that observed in primary-

isolated human granulocytes using classical kinase assays or Western Blot analysis (11). Thus 

PACE is a specific and sensitive method for detection of p42/p44 MAPK phosphorylation in 

both adherent and suspension cells. Furthermore, these results show that this assay can also be 

useful for primary non-transformed cells. 

Development of a PACE for p38 MAPK, PKB/c-Akt, and CREB- We investigated 

whether phosphospecific antibodies directed against other signal transduction components are 

applicable for PACE. Macrophages were challenged with different concentrations of LPS, a 

potent activator of p38 MAPK. Subsequently, the cells were fixed and incubated with 
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i n different concentrations of anti- phosphothreonine180/ phosphotyrosine1"" p38 MAPK 

antibody, followed by further routine ELISA procedures. Again little enzymatic product 

formation was detected in the absence of either the primary or secondary antibody or in the 

absence of LPS. Increasing concentrations of LPS. however, produced a dose-dependent 

increase in immunoreactivity (Figure 3A). We found that at an anti-phospho p38 MAPK 

antibody dilution of 1:250 combined low background with high sensitivity. The PACE-

detected increase in phosphorylated p38 MAPK corresponded to that observed using Western 

Blotting and to activity in in-vitro kinase assays (Figure 3C). Although the phosphospecific 

p38 MAPK antibody is reported to have cross reactivity with other stress-activated MAPKs, 

we only detected one band on Western Blot. 
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We also tested a phosphoserine 473-specific PKB/c-Akt antibody in PACE. Macrophages 

were stimulated with the PKB activator insulin. As shown in Figure 4(A), we observed a 

dose-dependent stimulation of enzymatic product formation, in agreement with the insulin-

dependent increase of PKB/c-Akt activity observed in both Western Blotting (which also 

showed the specificity of the antibody for PKB/c-Akt; Figure 4B) and in-vitro kinase assays 

(Figure 4C). The optimal dilution of primary antibody (1:100) was higher than those 

observed with the p42/p44 MAPK and p38 MAPK PACE. The specificity, however, of the 

PKB/c-Akt PACE was confirmed by the sensitivity of the insulin-induced signal to 

wortmannin. 

Finally, we tested a phosphoserine 133 CREB antibody in PACE. To this end 4/4 

macrophages were stimulated with prostaglandin E2. prostaglandin F2a and prostaglandin I2, 

since various prostaglandins have been reported to mediate CREB-phosphorylation (13-16), 

but the effects of these important inflammatory mediators on CREB phosphorylation in 

macrophages have as yet not been assessed. As shown in figure 5(A), prostaglandin E2 

resulted in CREB phosphorylation in macrophages as detected by Western Blot (the antibody 

also cross reacts with ATF1). After stimulation, a CREB-PACE was performed, whereas 

cAMP production was measured in a parallel experiment. Prostaglandin F2u did not induce 

cAMP production nor did it lead to the production of enzymatic product in a PACE assay 

(Figure 5B). In contrast, prostaglandin E2 and prostaglandin b gave rise to a significant 

increase in cAMP production and CREB immunoreactivity in PACE. Increases in cAMP 

formation did not completely correlate with increases in CREB phosphorylation at lower 

concentrations of prostaglandins, but this was attributed to cAMP independent 

phosphorylation of CREB (14). We concluded that PACE is a convenient method to 

determine the phosphorylation state of important signal transduction elements and is 

applicable for a variety of different phosphospecific antibodies against both protein kinases 

and transcription factors. 

Correcting for differences in cell number- The validity of the PACE assay critically 

depends on two factors: the loading of equal amounts of cells in different wells and the 

quality of the primary antibody. We investigated, therefore, whether it is possible to correct 

for the former factor using crystal violet staining after the PACE procedure. As shown in 

Figure 6, crystal violet staining works well under these conditions and provides the 

opportunity to correct the signals measured in PACE for cell number, as evident by the 

reduction in variability in the assay. With the respect to the latter factor, the antibodies 
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and PACE. 

-156-



A new phosphospecific, cell-based EL1SA 

employed may react with other cellular proteins. This is not a major problem if this antibody 

reactivity is not different between stimulated and unstimulated cells as this will only result in 

some additional background signal. If, however, immunoreactivity is induced by stimulation 

of the cells, a problem may arise. Western Blotting of TPA-stimulated cells using the anti 

phospho p42/p44 antibody reveals, after prolonged exposure, some faint induced bands apart 

from the immunoreactivity at 42 and 44 kD, and these bands may contribute to the signal 

measured in ELISA. Nevertheless, the enhanced chemiluminescence used to detect antibody 

binding is not a very linear technique, is very sensitive, and saturates quickly. The 

contribution of phospho p42/p44 MAPK to the signal measured in PACE may therefore be 

even larger than estimated from Western Blot. Indeed, one of the major advantages of PACE 

over Western Blotting is that the enzymatic reaction underlying PACE is of a more linear 

nature and therefore produces quantitatively more accurate results. 
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Figure 6: Correcting for differences in cell 

number by staining the wells with crystal 

violet after the PACE procedure. 4/4 cells 

were stimulated with TPA and subjected to 

PACE (upper panel). Subsequently cell 

number in the individual wells was 

determined using crystal violet staining and 

measuring absorbance at 595 nm, and the 

ratios were calculated (lower panel). The bars 

indicated by A represent background signal in 

the absence of primary antibody, the bars 

indicated by B represent background in the 

absence of secondary antibody and the bars 

indicated by C represent background in the 

absence of both primary' and secondary 

antibody. Note the reduction in standard error 

by correcting for differences in cell number. 
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Chapter 9 

Summary 

TF, the primary initiator of coagulation, is indispensable for normal hemostatic functioning. 

Upon binding of the zymogen FVII, which is present in the blood at low concentrations, to the 

transmembrane protein TF, the complex will actively lead to the sequential production of FXa 

and thrombin, ultimately resulting in fibrin deposition. Without these primary initiators of the 

coagulation cascade, coagulation is heavily impaired. 

TF, however, is also frequently associated with less beneficial phenomena. For instance, it 

plays a role in many cardiovascular abnormalities, among which atherosclerosis. Since 

atherosclerosis is the primary cause of heart disease in the western world, understanding the 

role of TF in this process is of pivotal importance. The latter also applies for the role of TF in 

sepsis and as a result, inflammation. Sepsis could ultimately lead to death and formation of an 

active TF: F Vila-complex appears to aggravate it. Finally, TF is associated with metastasis 

and tumor growth, although the precise details concerning these relationships are not yet 

clarified. 

Since TF in complex with FVIIa has been shown to induce activation of intracellular 

signaling pathways, generally leading to changes in cell morphology and gene transcription as 

well as cell division, we sought to explain the pathophysiological events that are associated 

with TF and FVIIa from a 'signal transduction"-point-of-view. In Chapter 2, we describe the 

characterization of a FVIIa:TF-induced signaling cassette in immortalized mouse fibroblasts; 

upon stimulation with FVIIa we observed sequential activation of Src-like kinases and PI3-

kinase. PI3-kinase in its turn activates two distinct pathways; one leading to activation of the 

small G-proteins Rac and Cdc42, resulting in a Rac-dependent phosphorylation of p38 MAP 

kinase, and another leading to Rac-independent activation of p42/p44 MAP kinase 

phosphorylation. These events were not dependent on the presence of other coagulation 

factors such as FXa or thrombin. In Chapter 3 we investigate the role of the proto-oncogene 

Ras in FVIIa-induced MAP kinase activation and we find that Ras is readily activated upon 

FVIIa stimulation in both HaCaT cells and BHKTF cells. Importantly, Ras is differentially 

regulated in these cell types; whereas Src-like kinases are required for FVIIa-induced Ras and 

MAP kinase activation in HaCaT cells, these kinases appear not to be involved in FVIIa-

induced Ras and MAP kinase activation in BHKTF cells. Chapter 4 deals with a possible 
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mechanism for TF-associated pathophysiology. In this chapter we find that TF:FVIIa-

interaction does not result in cell proliferation, but does result in substantial protein synthesis 

in both BHKTF and HaCaT cells. We show that FVIIa-stimulation does not only accomplish 

this by upregulation key signal transduction pathways that are associated with protein 

synthesis, such as the MAP kinase pathway and the c-Akt/PKB pathway, but also through 

upregulation of the protein synthesis machinery; eEFla and eEF2, proteins that facilitate 

protein synthesis are upregulated within 30 min. Chapter 5 describes a possible role for 

signal transduction in the link between TF and inflammation. We show a transient activation 

of STAT5, a protein that belongs to a family of pro- and anti-inflammatory cytokine-induced 

transcription factors. In BHKTF cells, this FVIIa-induced STAT5 activation was mediated by 

an upstream kinase, Jak2, although other Jak-like kinases were shown to be activated as well. 

Finally, STAT5 translocates to the nucleus to induce gene expression. Much is still unknown 

about the role of TF overexpression on tumor cells, and therefore we sought to establish a 

possible link between TF overexpression and tumor development. Hence, in Chapter 6, we 

show that interaction of FVIla with TF leads to inhibition of apoptosis, the latter being a 

feature commonly seen in tumor cells. We found that FVIIa protects against serum starvation-

induced apoptosis as well as apoptosis caused by lack of cell adhesion, also known as 

'anoikis'. Using an in-silico approach, in Chapter 7 we have investigated the degree of 

homology of different parts of TF between several species. We found that, based on the TF 

amino acid sequences, the extracellular part groups into clusters of species that are different 

from the ones formed by the transmembrane region and the cytoplasmic tail. Furthermore, 

making use of a Takifugu rubripes amino acid data base, we have picked up a sequence with 

striking homology to the extracellular part of TF. Strikingly, the sequence showed more 

homology with TF than with the protein that most strongly resembles TF; the IFN y receptor. 

Finally, in Chapter 8 wc have developed a new semi-quantitative assay for high throughput 

screening of signal transduction mediators, such as p42/p44 MAP kinase, p38 MAP kinase, 

the anti-apoptotic protein PKB and the transcription factor CREB. The assay relies on 

immunocytochemical techniques and the use of phosphospecific antibodies, in this way 

creating a phosphospecific antibody-using ELISA, that makes use of whole, fixed cells. Thus, 

we have termed this new method 'PACE' (Phosphospecific Antibody Cell-based ELISA). We 

propose that this technique could replace non-quantitative, more laborious techniques in both 

fundamental research and drug screening. 
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Discuss ion 

In this thesis we have attempted to unravel FVIIa-induced intracellular mechanisms that may 

be involved in the various physiological and pathophysiological events that are associated 

with TF. As already mentioned, TF is involved in processes such as angiogenesis, metastasis, 

and inflammation. All these processes, more or less depend on cellular processes such as cell 

proliferation, cell growth, protein synthesis and apoptosis. The question that we asked 

ourselves in the beginning of the thesis, was which of these events are involved in TF-driven 

processes. 

Angiogenesis has been demonstrated to be dependent on a number of processes; cells that 

make up the vasculature need to proliferate and migrate in order to create new blood vessels. 

Although the link between TF and angiogenesis in vivo still remains somewhat unclear, we 

uncovered possible mechanisms explaining how TF, together with its ligand FVIIa, could 

influence this process. It is very unlikely that FVIIa:TF interaction leads to proliferation of 

endothelial cells in a direct way, for a number of reasons. First of all, endothelial cells do, 

under nonnal circumstances, not express TF. Furthermore, in this thesis, we have shown that 

TF-expressing BHK cells that are exposed to FVIIa, do not proliferate. This correlates with 

data obtained in A14 fibroblasts, a model system that did not show FVIIa-induced 

proliferation either (unpublished data). Other researchers have not been able to find such an 

effect either in other cell systems (1,2). Rather, FVIIa:TF-induced proliferation is induced 

indirectly; wc show that interaction of FVIIa with TF leads to protein synthesis in several 

cells, via increased activation of the signal transduction pathways that regulate ribosome 

functions and upregulation of factors that facilitate ribosome function. Indeed, others have 

shown that FVIla-stimulation leads to mRNA synthesis, including those that encode the pro-

angiogenic factors CTGF, Cyról, IL-1B and IL-8 (3,4). Hitherto, for only one of the above 

described FVIIa:TF-induced gene transcripts it has been verified that increased mRNA 

synthesis results in more protein production; in HaCaT cells, administration of FVIIa leads to 

a dose- and time-dependent upregulation of IL-8 protein (5). 

As mentioned, angiogenesis is also dependent on cell motility. Various studies have suggested 

the involvement of TF in cell movement. Stimulation of human foreskin fibroblasts with 

FVIIa strongly facilitates Platelet Derived Growth Factor (PDGF)-induced migration (6). 
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Furthermore, TF mediates the movement of mononuclear phagocytes across the endothelium 

in a basal-to-apical direction (7), and it displays chemotactic migration activity to cultured 

aortic smooth muscle cells (8). Although we ourselves have not investigated FVIIa-induced 

cell movement, our results do suggest that FVIIa:TF interaction is capable of such events. We 

have shown activation of the small Rho-like GTPases Rac and Cdc42, leading to actin-based 

cytoskeletal rearrangements such as lamellipodia and filopodia respectively. Whereas the first 

phenomenon is indicative of cell movement, the second event is a hallmark of chemotactic 

sensing, both processes being required for angiogenesis. Interestingly, cytoskeletal 

rearrangements induced by FVIIa have also been reported by other groups (9). 

The role of TF in inflammatory processes and sepsis is still complicated; sepsis induces TF 

expression in cell types that, under normal conditions do not express TF, which may lead to 

disseminated intravascular coagulation, septic shock and organ damage. However, in 

baboons, injected with a lethal dose of Escherichia coli, anti-tissue factor strategies as well as 

the use of active site-blocked FVIIa prevent extensive intravascular coagulation, septic shock 

and organ damage (10,11). In similar experiments, active site-blocked FXa, although potently 

inhibiting intravascular coagulation, did not prevent septic shock and organ damage (12). 

Also, in human volunteers that received LPS, a selective FXa inhibitor did not alter 

endotoxin-induced changes in the fibrinolytic system, cytokine levels, activation of 

leukocytes, or tissue factor expression on monocytes, although thrombin formation was 

heavily impaired (13). Therefore, it is thought that the effect of TF-inhibition on septic shock 

and organ damage is not due to inhibited generation of downstream coagulation factors, but 

rather due to the FVIIa:TF complex itself Camerer and co-workers have shown, using 

immortalized keratinocytes, that a FVIIa induces a TF-dependent upregulation of mRNA 

molecules that encode inflammatory mediators such as IL-lp\ IL-8 and the prostaglandin E2 

receptor (14). As mentioned before, we have shown that FVIIa:TF interaction stimulates 

protein synthesis, thus it seems likely that IL-lp, IL-8 and the PGE2 receptor are also 

upregulated on protein level. So far, this has been proven the case for IL-8. This suggests that 

the role of TF in inflammation includes FVIIa-induced production of cytokines that may 

boost already existing inflammatory processes. 

In addition, we have shown in this thesis that FVIIa:TF interaction might also affect 

inflammation in another fashion; administration of FVIIa to a cell system results in activation 

of the JAK2-STAT5 pathway, which is frequently associated with inflammation. Several pro-
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inflammatory cytokines, such as interferon y (IFN y), are potent inducers of the JAK-STAT 

pathway. Since TF bears high homology with the IFN y receptor, it is logical to assume that 

FVIIa might induce a similar type of signaling. 

The notion that TF mediates a multitude of processes in cell types that greatly differ from 

each other also poses questions as to the intracellular events that take place. Strikingly, 

intracellular signaling shows a high degree of cell specificity as well. First of all, the nature of 

the receptor targeted by the FVIIa:TF complex differs between cells. Whereas in several cell 

types, Protease-activated Receptor-2 (PAR-2) (15) is the main target, the FVIIa:TF-targeted 

receptor in BHK IF cells is still unknown (16). Furthermore, the panel of kinases activated 

upon FVIIa:TF complcxation also shows a large degree of cell specificity. For instance, a 

prominent event in TF signaling appears to be activation of the kinases belonging to the 

Mitogen Activated Protein (MAP) kinase pathway; Camerer et al employed immortalized 

keratinocytes to demonstrate a very potent induction of p42/p44 MAP kinase phosphorylation 

as a result of FVIIa administration (17). Moreover, phosphorylation of the other MAP kinase 

isoforms, p38 MAP kinase and c-Jun-terminal Kinase (JNK), is observed as well. However, 

in BHK cells, only phosphorylation of p42/p44 MAP kinase is observed. In this thesis, we 

show that in mouse fibroblasts, p42/p44 MAP kinase, p38, but not JNK activation takes place. 

Also, we show that in HaCaT, Src kinases are upstream activators of the MAP kinase 

pathway, whereas in BHKTF, PKC mediates activation of this pathway. In our opinion, this 

cell-specific FVIIa-induccd signal transduction could very well explain the different processes 

that FVIIa:TF mediate. 

Cells require both growth factors and adhesion to the extracellular matrix to survive (18). 

Lack of either of these will typically result in cell cycle arrest, and subsequently, programmed 

cell death or 'apoptosis'. Tumor cells and metastatic cells have acquired the ability to survive 

or even proliferate without the need for growth factors or cell adhesion, as a consequence of 

aberrant inter- and intracellular processes. As already mentioned, TF has been suggested to 

play a role in metastasis, since expression of tissue factor by melanoma cells promotes 

efficient hematogenous metastasis in severe combined immunodeficient (SCID) mice (19). 

Moreover, metastasis is heavily impaired by inhibition of TF receptor function and 

consequent reduction in local protease generation (20). Both ligand binding of FVIIa to TF 

and FVIIa proteolytic activity is required for TF-mediated metastasis. However, it is elusive 

whether FVIIa and TF exert their action via generation of FXa, thrombin and possibly fibrin. 
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or via direct targeting of PARs and subsequent signaling. We show that FVIIa may employ 

several signal transduction pathways in TF-expressing cells to induce increased cell survival 

such as the PI3-kinase and MAP kinase pathway. FVIIa induced survival both in serum-

deprived cells and adhesion-deprived cells and it may therefore form a potent mediator 

metastasis. 

The TF intracellular tail remains a matter for debate. The majority of research, among which 

our own, has not been able to appoint a role for this part of TF; absence of the intracellular tail 

does not lead to abnormal embryonic development, does not abrogate signaling in BHK cells, 

HaCaT cells or embryonic fibroblasts (17, 21, 22). Therefore, we performed an in-silico 

analysis of this part of TF, together with the extracellular domain and the transmembrane 

region. Our results indicate that the degree of homology of the intracellular tail between 

species is much lower that that observed for the extracellular domain. Apparently, this domain 

is not under stringent evolutionary pressure and does not play a role in normal physiology. 

However, some reports on a putative function for the intracellular tail has been made; in 

monocytes, this domain was shown to mediate certain inflammatory processes (23). 

Furthermore, in human melanoma cells it was shown to mediate VEGF production after 

transfection (24). This VEGF production was independent of functional FVIIa and even the 

extracellular part of TF was dispensable, suggesting that this phenomenon occurs completely 

independent of the coagulation cascade. Rather, these findings may indicate a role for the 

intracellular tail in pathology, such as tumor angiogenesis, than in physiology. Indeed, our 

own research appears to point out a role for the intracellular tail, but rather one that inhibits 

pathologic processes than one that facilitates it. Cells expressing a truncated from of TF show 

a more dramatic survival in suspension than cells that express full length TF. Also, truncated 

TF gives rise to a prolonged FVIIa-induced protein synthesis than full length tissue factor, 

which appears to correlate with the slightly upregulated egr-1 mRNA synthesis, observed by 

Camerer et al. (17). The cause of the differences observed between cells expressing full length 

TF or the truncated form are unclear but may arise from an absence of negative feedback, 

rather than differences in signal transduction profiles. 

We feel that, in this thesis we have provided some fundamental tools that could be used to 

further investigate the role of TF and FVIIa in both physiology and pathology. However, 

some critical notes have to be made. FVIIa:TF action results in the generation of FXa and 

thrombin, both factors that are, like FVIIa:TF, capable of initiating signal transduction and 
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gene expression. Therefore, theoretically it is plausible that many of the TF-associated 

processes are dependent on the generation of these downstream coagulation factors. However, 

in many of these processes, inhibition of the downstream proteases do not have as much 

impact as does inhibition of FVIIa:TF function. As already mentioned, inactivated FVIIa, but 

not inactivated FXa dramatically inhibits sepsis-induced organ damage. Furthermore, 

disruption of the FX or prothrombin gene do not lead to the massive embryonic wasting, 

observed in TF null mice. Therefore, we conclude that TF-associated phenomena such as 

inflammation and angiogenesis are dependent on both FVIIa:TF-induced direct events and 

activation of the coagulation cascade, via generation of FXa. thrombin and fibrin. 
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Samenvatting voor iedereen 

De verschillende rollen van weefselfactor -Bloedstolling is een belangrijk fysiologisch 

proces dat op gang komt nadat een bloedvat beschadigd wordt. De binnenkant van een 

bloedvat is opgebouwd uit zogenaamde endotheliale cellen die als een soort barrière het bloed 

binnen de bloedvaten houdt. Cellen die zich om het bloedvat heen bevinden en normaal niet 

in contact komen met het bloed, maken een eiwit dat 'weefselfactor' (engels: tissue factor) 

heet. Bij beschadiging 'scheurt' het bloedvat open en komen deze cellen, en dus ook 

weefsel factor, wèl in contact met bloed. Onder deze omstandigheden bindt het eiwit 

weefselfactor aan een ander eiwit, factor VII. Deze binding resulteert uiteindelijk in een actief 

eiwit complex; 'weefsel factonfactor Vila'. Als een soort 'waterval' zet dit complex factor X 

om in het actieve eiwit factor Xa, waarna factor Xa het eiwit trombine activeert. Dit leidt 

uiteindelijk tot de vorming van draadachtigc fibrine structuren die het bloedvat afsluiten; een 

stolsel. 

Figuur 1: De bloedstollingcascade. 

A: Een bloedvat bestaat uit een laag 

endotheliale cellen (1) en een laag 

omringende cellen (2) die weefselfactor 

tot expressie brengen. B: als een bloedvat 

beschadigd raakt komt de omringende 

laag cellen in contact met de bloedstroom 

die door hel linnen (holte) stroomt. C: 

factor VII uit het bloed bindt aan 

weefselfactor en het actieve complex leidt 

tot activatie van factor Xa. trombine en 

fibrine vorming. 

Naast het initiëren van de bloedstollingscascade blijkt weefselfactor ook betrokken bij een 

scala aan andere pathologische processen. Zo is weefselfactor onmisbaar voor de aanleg van 

het bloedvat stelsel gedurende de ontwikkeling van een embryo, een proces dat we 
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'vasculogenese' noemen. Daarnaast speelt weefselfactor een rol bij ontstekingsreacties die 

optreden na een infectie en dient het als 'wegwijzer" voor een bepaalde klasse witte 

bloedcellen die de haard van deze infectie uit de weg ruimen. 

Echter, naast de voordelige rollen die weefselfactor speelt, heeft het ook een aantal nadelige. 

Weefselfactor is een sleuteleiwit in atherosclerose, een fenomeen dat gekenmerkt wordt door 

vaatvernauwing en overmatige stolselvorming en tevens één van de meest voorkomende hart 

en vaatziekten in de westerse wereld. Maar weefselfactor speelt ook een rol in kanker; naast 

bloedvatvorming gedurende de vorming van het embryo stimuleert weefselfactor ook de 

bloedvatvorming die nodig is voor de uitgroei van tumoren. Voorts is het gebleken dat 

overmatige productie van weefselfactor door tumor cellen de kans verhoogt dat deze tumoren 

leiden tot uitzaaiingen. Ten slotte is weefselfactor betrokken bij stollingscomplicaties 

veroorzaakt door sepsis, ook wel bloedvergiftiging genoemd. Omdat weefselfactor betrokken 

is bij deze zeer nadelige fenomenen is het van groot belang inzicht te verkrijgen in de manier 

waarop weefselfactor deze processen stimuleert. Met deze vraagstelling in het achterhoofd 

ben ik begonnen aan het onderzoek wat in dit proefschrift beschreven wordt. 

Signaal transductie- Weefsel factor heeft een moleculaire structuur die veel doet denken aan 

de vorm van een zogenaamde receptor; dit zijn eiwitten die door de buitenkant van de cel 

heensteken en specifieke signaalmoleculen, ligand genaamd en uitgescheiden door andere 

cellen, kunnen herkennen. Na binding van het ligand aan zijn specifieke receptor vinden er in 

de cel een aantal biochemische processen plaats die uiteindelijk leiden tot een verandering in 

celgedrag, waaronder eiwit productie en veranderingen van celvorm. Het biochemische 

proces dat ligt tussen receptor-ligand binding en veranderd celgedrag noemen we signaal 

transductie, een proces dat voor een groot gedeelte berust op het koppelen of ontkoppelen van 

een fosforgroep aan of van eiwitten (fosforylatie en defosforylatie). Daar weefselfactor lijkt 

op een receptor wordt factor Vila vaak verondersteld het natuurlijke ligand van weefsel factor 

te zijn en inderdaad, als factor Vila wordt toegevoegd aan cellen die weefselfactor tot 

expressie brengen, treden intracellulaire biochemische reacties op. Daarom ben ik op zoek 

gegaan naar intracellulaire veranderingen die een aanwijzing zijn voor de fysiologische maar 

ook pathologische processen die door weefselfactor worden beïnvloed. 

Opsomming van de resultaten- In hoofdstuk 2 hebben we de activatie van een aantal 

intracellulaire eiwitten ontdekt in een celtype dat zich om de bloedvaten heen bevindt; de 
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ongestimuleerde cel gestimuleerde cel 

Figuur 2. Een vereenvoudigde weergave van het signaal transductie mechanisme. Wanneer een 

ligand aan zijn receptor bindt vindt er een cascade plaats van eiwitten die elkaar activeren. Vaak gebeurt dit 

door een zogenaamde fosforylatie, wat betekent dat er een fosfaatgroep aan het eiwit wordt gekoppeld. 

Uiteindelijk resulteert dit in het afschrijven van genen (ofwel gentranscriptie) in het 'centrale 

commandocentrum' van een cel; de celkern. Gentranscriptie bestaat uit het 'schrijven van een recept' waarmee 

de cel nieuwe eiwitten kan produceren. Deze eiwitten kan de cel gebruiken voor zijn eigen organisatie, maar ook 

als boodschapmolecuul voor naburige cellen. Signaal transductie kan ook leiden tot een verandering in de 

structuur van de cel (gevormd door het cytoskelet), waardoor de cel van vorm verandert, of gaat bewegen. 

fibroblast of steunweefselcel. We laten zien dat 'incubatie' van deze cellen met factor Vila 

leidt tot activatie van Ras en Cdc42. Activatie van deze eiwitten verandert de stevige structuur 

in de cellen die we cytoskelet noemen. Deze veranderingen zijn vaak een indicatie voor 

celbeweging, ook wel cclmigratie genoemd. Omdat processen zoals bloedvatvorming 

afhankelijk zijn van weefselfactor en cclmigratie veronderstellen wij dat weefsel factor-

afhankelijke bloedvatvorming voor een deel berust op factor Vlla-gestuurde activatie van 

deze eiwitten. 

In hoofdstuk 3 karakteriseren wc de factor Vlla-afhankelijke activatie van een eiwit dat grote 

gelijkenis vertoont met Rac en Cdc42; Ras. Ras is een eiwit dat in 30% van alle humane 

tumoren een verstoorde, hyperactieve werking vertoont. Omdat tumoren een overmatige 

productie van weefselfactor vertonen zou factor Vila tot een overmatige activatie van Ras 
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kunnen leiden. Overmatige Ras activatie wordt geassocieerd met bepaalde kanker processen, 

zoals ongecontroleerde celdeling en eiwitproductie. 

In hoofdstuk 4 hebben we de mogelijke mechanismen die een verband leggen tussen 

weefsel factor, kanker en bloedvatvorming verder gekarakteriseerd. We hebben ontdekt dat 

factor VIIa:weefselfactor-interactie niet leidt tot celdeling van de weefselfactor producerende 

cel zelf. Echter, deze interactie leidt wel tot de aanmaak van nieuwe eiwitten. Voorts wordt de 

'machinerie' die noodzakelijk is voor eiwit productie uitgebreid door factor 

VIIa:weefselfactor-interactie, waardoor de eiwitproductie ook nog eens wordt versneld. 

Daaruit trekken we de conclusie dat als verhoogde productie van weefselfactor kanker 

induceert, dat niet gebeurt door celdeling van de weefsel factor-producerende cel zelf, maar 

door een eiwit productie die andere cellen kan aanzetten tot kanker. Tevens zouden deze 

cellen eiwitten kunnen maken die leiden toto bloedvatvorming. 

Wccfsclfactor vertoont grote gelijkenissen met de zogenaamde interferon-gamma receptor. 

Het ligand voor deze receptor speelt een belangrijke rol in ontstekingsreacties, net als weefsel 

factor zelf. Daarom zijn we in hoofdstuk 5 op zoek gegaan naar signaal transductie paden die 

karakteristiek zijn voor ontstekingsreactics. We tonen aan dat weefselfactor:factor Vila 

interactie leidt tot activatie van de zogenaamde Jak2/STAT5 signaal transductie cascade. 

zoals interferon-gamma dat ook doet. Tevens leidt het tot STAT5-gemedieerde 

gentranscriptie, een proces dat aan de basis ligt van eiwitproductie. We concluderen dat factor 

Vila leidt tot ontstekingsprocessen doormiddel van STAT5-afhankelijkc gen transcriptie. 

In hoofdstuk 6 zijn we op zoek gegaan naar een verklaring voor het verband tussen 

weefselfactor overexpressie en metastase, of tumor uitzaaiing. Tumorcellen zaaien vaak uit 

door los te laten van de 'vezels', of wel extracellulaire matrix, waaraan ze onder normale 

omstandigheden binden. Waar normale cellen dood gaan nadat ze loslaten, we noemen dat 

anoikis, hebben uitzaaiende tumorcellen het vermogen te overleven en bijvoorbeeld via de 

bloedbaan af te reizen naar andere organen in het lichaam. We tonen aan dat, in weefselfactor 

overproducerende cellen, factor Vila leidt tot verminderde celdood, zowel in situaties waarin 

we cellen 'uithongeren', als in situaties waarin we cellen los maken van de extracellulaire 

matrix. We laten zien dat deze verminderde celdood wordt veroorzaakt door een factor Vlla-

afhankelijke activatie van een aantal signaal transductie paden. Tevens kan deze celoverleving 

teniet worden gedaan door een inactieve vorm van factor Vila. Daarom zou inactief Vila een 
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interessante vorm van therapie kunnen zijn voor kankerpatiënten die mogelijk uitzaaiingen 

ontwikkelen. 

Eén van de meest interessante problemen in het weefselfactor onderzoek wordt gevormd door 

dat gedeelte van het eiwit wat zich binnen de cel bevindt. Onderzoek met muizen die een 

vorm van weefselfactor maken die dit 'intracellulaire' deel niet bevat wijst uit dat dit gedeelte 

niet noodzakelijk is voor normale ontwikkeling van het embryo, noch voor de 

bloedstollingscascade. Echter, onderzoek met menselijke cellen heeft aangetoond dat dit 

intracellulaire deel van weefselfactor weldegelijk een rol speelt bij uitzaaiingen en 

bloedvatvorming. Deze schijnbare tegenstelling heeft geleid tot het onderzoek beschreven in 

hoofdstuk 7. We tonen aan met computermodellen dat het intracellulaire gedeelte van 

menselijk weefselfactor enorm lijkt op het intracellulaire gedeelte van koe, cavia en konijn 

weefselfactor. Echter, het heeft een veel lagere 'homologie' met het intracellulaire deel in rat 

en muis. We concluderen dat het intracellulaire gedeelte van weefselfactor in de 

eerstgenoemde organismen een andere functie heeft gekregen gedurende de evolutie, dan het 

intracellulaire gedeelte van de laatstgenoemde organismen. 

Hoofdstuk 8 heeft weliswaar niets te maken met weefselfactor en factor Vila, maar draagt bij 

aan een groot probleem binnen de medische wetenschap. Er vindt veel onderzoek plaats dat 

zich specifiek bezighoudt met het verband tussen signaal transductie en processen zoals 

kanker en ontsteking. De technieken die voor dit onderzoek ter beschikking staan, vereisen 

veel tijd en moeite. Tevens laten deze technieken de analyse van grote hoeveelheden 

onderzoeksmonsters niet toe. Daarom hebben we besloten een techniek te ontwikkelen die 

snel en op een weinig arbeidsintensieve manier een groot aantal monsters kan testen op 

activatie van verschillende signaal transductie paden. Deze techniek is een interessante 

mogelijkheid voor het testen van medicijnen en andere chemische substanties. 
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Handen op elkaar voor jezelf! 

Een dankwoord schrijven valt voor veel mensen niet mee en ik ben één van die mensen. 

Lange tijd heb ik volgehouden dat ik het zou houden bij een welgemeend 'bedankt'. Echter, 

omdat dit gedeelte van het proefschrift wèl door iedereen gelezen wordt, wilde ik jullie dit 

niet onthouden. Daarom zou ik in dit gedeelte van het proefschrift graag mijn dank willen 

betuigen aan een aantal mensen die in grote of wat mindere mate een bijdrage hebben 

geleverd aan dit boekwerkje en de bijna 5 jaar onderzoek die daaraan voorafgingen. Daarbij 

wil ik graag nog vermelden dat, al staan sommige mensen niet met naam genoemd, ze worden 

weldegelijk bedankt! 

Allereerst natuurlijk het signaal transductie opperhoofd, grote inspirator en co-promotor; 

Maikel Peppelenbosch. Mijn eerste sollicitatiegesprek werd afgenomen om een uurtje of 12 in 

de sociëteit van Unitas S.R. We waren beiden wat aangeschoten, desondanks was dit het 

meest vlotte sollicitatiegesprek dat ik ooit afgelegd heb. Ook gedurende mijn loopbaan als 

promovendus is je liefde voor het biertje (uiteraard tot mijn grote vreugde) me blijven 

achtervolgen. Ik was de eerste AiO die bij je kwam aanwaaien en bijna de laatste die vertrekt. 

Geniet er nog maar even van. Natuurlijk ben ik ook veel dank verschuldigd aan mijn beide 

promotoren; Sander van Deventer die mij de kans bood om onderzoek te komen doen op zijn 

laboratorium en Dick Richel die op de valreep 'de kleine commissie' kwam versterken. 

Op mijn eerste dag als AiO maakte ik vervolgens kennis met Jaklien Leemans, die net zoals 

ik uit 'het Sticht' kwam. maar erg goed kende ik haar nog niet. Dat zou de daarop volgende 

weken flink veranderen. Lieve Jaklien, we hebben het die eerste weken niet gemakkelijk 

gehad, maar uiteindelijk zijn we dan toch gekomen daar waar we wilden zijn. 

Spoedig na mijn eerste stapjes op de 'Experimentele Interne' werd de signaal transductie 

groep versterkt door een aantal geestverwanten die net zoals ik een voorliefde hebben voor 

alles wat alcohol bevat. Jammer, James, dat je na twee glazen bier al onder de tafel ligt; rare 

jongens, die Britten. Gijs, je bent toch een soort fenomeen; het blijft een wonder hoe je mijn 

meest waardeloze blotjes kon omtoveren in iets publiceerbaars. Beste Bernt, Ik heb het gevoel 

dat ik iets van excuses moet aanbieden voor al die jaren dat ik jouw kant van de bench heb 

'geterroriseerd'. Hoe bleef je zo kalm, al die jaren'? Ook de tweede golf van Maikel-AiO's ben 

ik dank verschuldigd; Tom O' . Carina B., Jantine van B., Sylvia B en Jurriaan T alias 'de 

strekker'. Ik ga jullie nog regelmatig terugzien op het lab en ik ben er van overtuigd dat er 

nog uitgebreid geborreld gaat worden in Basilique danwei nieuwe Oude Gasthuis. 
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In mijn carrière als promovendus heb ik ook regelmatig kruisbestuiving mogen ondergaan 

met de andere groeperingen binnen de Experimentele Interne, met name met de groepen van 

Tom van der Poll en Pieter Reitsma. Allemaal bedankt! Binnen die laatste groep moet ik 

zeker Pieter nog bedanken voor de vele gesprekken die we hadden over de zin en onzin van 

tissue factor signaal transductie. Om die zelfde reden ben ik ook Arnold Spek zeer dankbaar. 

Tevens heb ik genoten van de vele gesprekjes over voetbal (behalve dan de gesprekken die 

over Feyenoord gingen, want dat is geen voetbal!). 

In de laatste periode ben ik ook een beetje naar het groepje 'inflammatoire darmziekten' toe 

gegroeid. Jan, pik, stak ik toch nog op een artikeltje van je. Henri B., als je weer een beetje 

"tochtig' bent, gaan we weer een biertje pakken. 

Natuurlijk heb ik ook veel te danken aan de studenten die, onder mijn geestelijke en geselende 

bezieling, de weg naar succes geplaveid hebben. Als eerste Maaike; dankzij jou staat 

hoofdstuk 8 in dit boekje. Tevens heb je de PACE-cursus zeer vakkundig geleid omdat wij 

daar te chaotisch voor waren. Danielle (Dani) V.; jammmcr datje RhoB onderzoekje niets 

opleverde, maar ik vond het erg leuk om je begeleider te zijn. Beste Sjouk. ik heb het meer 

dan eens gezegd; je bent enorm productief, en dat is de reden dat hoofdstuk 5 bestaat, al is het 

slechts tussen 10.00 en 16.00. Maar na 16.00 biertjes met je drinken is op zijn manier ook erg 

productief Ten slotte. Hanneke; je hebt het niet altijd even gemakkelijk gehad, maar het 

laatste gedeelte van je stage toonde aan dat je een goed onderzoek op poten kunt zetten, 

getuige een groot gedeelte van hoofdstuk 3. 

Een bijzonder plekje in mijn dankwoord verdient Behrouz; men noemt mij weleens 

gekscherend de Blotkoning. Als dat zo is dan ben jij Blotgod. Ik heb enorm veel gehad aan de 

tips die je gaf en alle spullen die ik van je 'gebietst' heb. 

Marcel Spaargaren, ook jou heb ik regelmatig lastiggevallen om de goede adviezen en 

reagentia die ik nodig had. Het wordt nu wel tijd dat je dat kratje bier nou eens een keertje 

langs komt brengen. 

Paul van Bergen en Henegouwen, niet alleen heb je me, samen met Jord, verschillende keren 

'gehost' in Utrecht wanneer ons radioactieve lab weer een zooitje was, je bent ook degene die 

me hebt weten te interesseren voor de wetenschap. Dank daarvoor. 

Dear Brit and Lars, your comments on the manuscripts I wrote were very valuable. Moreover, 

without the material support, both cell lines and factor Vila, I would not have been able to 

publish so many papers and my thesis would be only half of what it is now. 

Twee van de beste (en waarschijnlijk ook de enige) paranimfen die ik ooit zal hebben; Sander 

en René. Sander, kerel, ik hoop datje nog lang je gehaktbal met spinazie zal blijven prakken 
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en ik weet nu al wat ik je ga geven voor jouw promotie. René, ook jij bent bijna klaar, en als 

de tijd daar is hoop ik ook jouw enveloppen dicht te plakken. 

Wat is een promovendus zonder familie, hoe uit elkaar getrokken dan ook? Pa and Sandy; we 

haven't seen each other for a long time, and although you will probably not be able to be 

present at the defence, I hope that we will have more opportunities to see each other in the 

future. Grote zus en zwager, ook jullie heb ik de laatste 5 jaar te weinig gezien, maar ondanks 

alles hebben jullie me toch altijd gesteund. Bedankt! Eleftheria, sister, I've enjoyed the talks 

we had, even the two greek lessons you gave to me. I wish you good luck now that you're 

doing your own thesis. 

Ten slotte, lieffie, vanaf 7 mei ga ik de afwas doen en Griekse muziek met je luisteren!! 

Dikke Kus, 

H tnn 
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Figure 1, Chapter 2 (page 39) 
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