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Abstract

 

Tissue factor (TF), the initiating cell surface receptor of the
coagulation cascade, plays important roles in embryogene-
sis, angiogenesis, and tumor cell metastasis. It is controver-
sial whether proteolytic function of TF complexed with its
serine protease ligand VIIa is required for metastatic tumor
dissemination. We show here in a model for TF-dependent
experimental hematogenous metastasis, that TF supports
metastasis by both proteolytic activity of the TF–VIIa com-
plex and currently undefined functions of the cytoplasmic
domain. We demonstrate that ligand binding of VIIa to TF
is required for metastasis. Antimetastatic properties of co-
valently inactivated VIIa provide evidence that ligand bind-
ing is insufficient per se to support metastasis, emphasizing
that proteolytic activity is necessary for the metastatic pro-
cess. Ala or Asp mutations of cytoplasmic serine residues
were introduced to preclude or mimic phosphorylation. In
vivo analysis of these mutants suggests that local protease
generation on the tumor cell surface does not serve simply
to activate the cytoplasmic domain of TF by serine phos-
phorylation. Thus, extracellular functions of the catalyti-
cally active TF–VIIa complex cooperate with specific func-
tions of the TF cytoplasmic domain to support the complex
process of hematogenous tumor cell dissemination. (
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Introduction

 

The cellular activator of the coagulation pathway is the trans-
membrane protein tissue factor (TF)
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 that consists of a 219–
amino acid extracellular domain, a 23-residue transmembrane
domain, and a 21-residue intracellular domain. TF binds and
allosterically activates factor VIIa (VIIa). The TF–VIIa com-

plex cleaves factor IX and X, leading to thrombin generation
(1). The role of TF as a procoagulant activator is well under-
stood in a variety of thromboembolic diseases, including gram-
negative septicemia, acute coronary syndromes, and injury-
induced responses of the vessel wall (2, 3).

TF also plays important roles in embryonic vascular devel-
opment and angiogenesis, but the requirement for its procoag-
ulant function under these circumstances is currently not clear.
The deletion of the TF gene in mice results in death of the em-
bryo between embryonic days 8.5 and 10.5. In one study, em-
bryonic death has been attributed to the lack of TF-mediated
hemostatic function, which results in bleeding and subsequent
failure of the yolk sac vasculature (4). In another study, TF was
suggested to be important for the development of the yolk sac
vessel wall, as evidenced by a decreased number of pericytes at
the time of vessel failure leading to the death of the embryo
(5). This finding argues that TF may function predominantly to
modify cellular function rather than mediating hemostasis. It is
unclear whether TF activity in the embryonic vasculature in-
volves presumed signaling functions of TF (6). Overexpression
of TF in mouse fibrosarcoma cells results in the upregulation
of the proangiogenic vascular endothelial growth factor and
the downregulation of the antiangiogenic thrombospondin
gene (7). In addition, these changes in gene expression result
in better vascularized tumors in vivo, suggesting that TF func-
tions in angiogenesis by activating intracellular signal trans-
duction pathways, rather than by the extracellular triggering of
the coagulation system.

It is also controversial whether the prometastatic functions
of TF require the coagulation protease cascade. Many tumor
cells express TF (8, 9), and several experimental systems sup-
port the idea that TF is important for the pathobiology and he-
matogenous metastasis of tumor cells (10). The consequence
of factor Xa and thrombin generation by the TF–VIIa complex
includes the formation of fibrin and signaling through cellular
protease-activated receptors, both of which may influence the
multistep process of metastasis (11–13). Consistent with an in
vivo mechanism that requires proteolytic activity of the TF–
VIIa complex, function-blocking anti-TF antibodies (14), as
well as specific inhibitors of coagulation proteases downstream
of TF–VIIa such as factor Xa (15, 16) or thrombin (15, 17),
block hematogenous metastasis of human or mouse melanoma
cells. The procoagulant activity of the murine tumor cells used
in these studies is likely TF (17).

However, prometastatic functions of TF have also been
shown to depend on the short cytoplasmic domain (18), which
does not influence cellular procoagulant functions of TF (19).
In addition, mutation of residues Lys165 and Lys166, which se-
verely impairs coagulant functions of TF, had no effect on TF-
dependent metastasis when tested by transfecting a melanoma
cell line with low metastatic potential (18). Although contro-
versial with a series of studies in various animal models dem-
onstrating a requirement for protease generation in hematoge-
nous metastasis, this study raises the possibility that TF may
exhibit prometastatic functions independent of triggering the
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coagulation pathways, possibly involving signaling functions
of TF.

Because of the broader implications for our understanding
of TF functions in angiogenesis and embryonic vascular devel-
opment, we considered it important to define in more detail
the molecular pathways by which TF supports hematogenous
metastasis. First, we addressed the question whether cell type–
specific effects may account for the discrepant results in the lit-
erature. By studying the consequences of TF expression on the
metastatic potential of Chinese hamster ovary (CHO) cells in
immune-deficient mice, we exclude cell type specificity as a
reasonable explanation for the discrepancies. We further ad-
dressed the importance of ligand binding to TF for the meta-
static process and demonstrate that binding of catalytically ac-
tive VIIa is necessary for tumor cell metastasis. Thus, these
data establish that the currently undefined functions of the TF
cytoplasmic domain act in concert with rather than indepen-
dent of the proteolytic function of TF.

 

Methods

 

Reagents.

 

Recombinant human VIIa and Phe-Phe-Arg chlorometh-
ylketone inactivated VIIa (VIIai) were kindly provided by Dr. Mi-
rella Ezban (Novo Nordisk A/S, Gentofte, Denmark). Mouse anti–
human TF mAbs TF8-5G9 and TF9-10H10 have been described pre-
viously (14, 20). Fab fragments of these antibodies were prepared by
papain digestion (20) followed by ion-exchange chromatography.

 

Mutagenesis and expression of TF.

 

Site-directed mutagenesis of
the TF coding region was performed as described (21). Mutations
were confirmed by sequencing of CsCl-purified plasmid DNA, which
was used subsequently for the transfection experiments. CHO cells
(CHO-K1; American Type Culture Collection, Rockville, MD) were
transfected using the calcium phosphate precipitation method. Stable
cell lines were generated by cotransfecting a neomycin resistance
gene (pMAMneo) with the TF-encoding plasmid followed by selec-
tion of clonal cell lines in G418 (GIBCO BRL, Gaithersburg, MD).
Stable clones were tested for TF surface expression by staining with
anti-TF mAbs using flow cytometry (21). TF expression was quanti-
fied by determining TF concentration in cell extracts by ELISA (22).

 

Functional characterization of TF mutants.

 

Clotting activity was
determined in a one-stage clotting assay as described (22). Briefly,
cells were lysed in 15 mM octyl-

 

b

 

-

 

D

 

-glucopyranoside, diluted 1:3 to
reduce the detergent concentration, and clotting times were deter-
mined in a plasma clotting assay (equal volumes of lysate, plasma,
and 20 mM CaCl

 

2

 

). Clotting times were converted to units based on a
calibration curve using purified and phospholipid-reconstituted hu-

man TF. For the experiments with human plasma, a pool of normal
donor citrated plasma was used. Clotting times in murine plasma
were determined using lyophilized citrated mouse plasma (Sigma
Chemical Co., St. Louis, MO). Factor Xa generation by TF–VIIa was
determined on monolayers of viable cells in a coupled amidolytic as-
say as described previously (21).

 

Experimental metastasis assay.

 

Female C.B-17 severe combined
immunodeficient (SCID) mice were purchased from Taconic Farms
Inc. (Germantown, NY). Mice were housed under specific pathogen–
free conditions and kept on 40 mg trimethoprim and 200 mg sul-
famethoxazole per 300 ml autoclaved drinking water. Cells were har-
vested from tissue culture and resuspended either in Dulbecco’s PBS
(1.5 mM monobasic potassium phosphate, 8 mM dibasic potassium
phosphate, 3 mM potassium chloride, 137 mM sodium chloride, pH
7.2) or, when indicated, in PBS containing antibodies or VIIai and in-
cubated for 30 min. Cells were subsequently injected in a 200-

 

m

 

l vol-
ume into the lateral tail vein of 6-wk-old mice. Mice were killed 10 d
later and examined for tumor growth. At this time, tumor foci were
detected only in the lungs. Lungs were fixed in Bouin’s solution, and
tumor foci on the lung surface were counted under a low magnifica-
tion microscope. When indicated, mice were injected intraperito-
neally (i.p.) with VIIa or VIIai in 500 

 

m

 

l PBS followed 1 h later by tail
vein injection of cells.

To measure plasma concentrations of VIIa or VIIai after i.p. in-
jection, blood was drawn retroorbitally in a heparinized capillary.
The plasma was harvested by centrifugation, and VIIa concentration
was determined from serial dilutions using an mAb-based ELISA
specific for human VIIa (23). The various clonal lines were tested on
at least two occasions, and a representative experiment is shown. For
the cell lines TF

 

D

 

cyto

 

, TF

 

A20A44A140A165A166

 

, and TF

 

A253A258

 

, two in-
dependent clonal lines were analyzed. Only one clone with stable ex-
pression levels was available for wild-type CHO/TF, TF

 

A165A166

 

,
TF

 

A20A44A140

 

, and TF

 

D253D258D263

 

.

 

Results

 

It has been useful to express cell surface molecules that are
thought to play a role in tumor cell behavior in CHO cells to
study their biological functions in vivo (24). To distinguish be-
tween the contribution of protease generation and signaling to
the prometastatic role of TF, we stably transfected CHO-K1
cells with constructs that encode for wild-type human TF or
one of the following mutants: (

 

a

 

) TF

 

A165A166

 

, an Ala replace-
ment mutant of TF residues Lys165 and Lys166 with a selec-
tive loss of proteolytic function (22); (

 

b

 

) TF

 

A20A44A140

 

, an Ala
replacement mutant of residues Lys20, Asp44, and Phe140
that has 

 

.

 

 10,000-fold reduced affinity for VIIa (25); (

 

c

 

)

 

Table I. Characterization of CHO Cells Expressing Mutant TF

 

Mutation Cell line TF antigen Mean fluorescence Positive cells

 

ng/10

 

6

 

 cells % of CHO/TF % of total

 

CHO-K1 Not detectable 1

 

, 

 

1
Wild-type CHO/TF 65

 

6

 

17 100

 

.

 

 99
Lys165,Lys166

 

→

 

Ala TF

 

A165A166

 

31

 

6

 

5 85

 

.

 

 99
Lys20,Asp44,Phe140

 

→

 

Ala TF

 

A20A44A140

 

25

 

6

 

11 36 88
Lys20,Asp44,Phe140,Lys165,Lys166

 

→

 

Ala TF

 

A20A44A140A165A166

 

99

 

6

 

3 158

 

.

 

 99
Lys244

 

→

 

stop TF

 

D

 

cyto

 

23

 

6

 

4 48 94
Ser253,Ser258

 

→

 

Ala TF

 

A253A258

 

28

 

6

 

8 57 98
Ser253,Ser258,Ser263

 

→

 

Asp TF

 

D253D258D263

 

76

 

6

 

11 123

 

.

 

 99

TF antigen was determined in cell lysates by ELISA using two TF-specific mAbs. Flow cytometry was used to detect TF cell surface expression on in-
tact cells after staining with anti-TF mAb and indirect detection with FITC-labeled anti–mouse antibody.
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TF

 

A20A44A140A165A166

 

, which combined the defects of the two
previous mutants; or (

 

d

 

) TF

 

D

 

cyto

 

, a cytoplasmic domain dele-
tion mutant, generated by conversion of the codon for Lys244
to a termination codon. The cell line expressing wild-type TF
(CHO/TF) was determined earlier to express 

 

z

 

 450,000 TF
molecules per cell (22). Stably transfected clonal CHO cell
lines were established that expressed similar amounts of mu-
tant TF, as measured by ELISA in cell lysates and by indirect
immunofluorescence with TF-specific antibodies (Table I).
The close correlation between total cellular TF content, as
measured by ELISA, and cell surface expression, as measured
by flow cytometry on nonpermeabilized cells, indicates that
the introduced mutations, in particular the cytoplasmic do-
main deletion, did not significantly affect cell surface localiza-
tion and intracellular trafficking of TF.

Function of the stable cell lines expressing mutant TF was
determined in a one-stage clotting assay of detergent cell
lysates using human or mouse plasma, and in a factor Xa gene-
ration assay on monolayers of intact cells. The cytoplasmic de-
letion mutant TF

 

D

 

cyto

 

 had proteolytic activity similar to the
wild-type CHO/TF line, emphasizing that this mutant is ex-
pressed on intact cell surfaces as a fully functional molecule
(Table II). Proteolytic activities of mutants with reduced VIIa
affinity, TF

 

A20A44A140

 

 and TF

 

A20A44A140A165A166

 

, were very low,
whereas the mutant with reduced affinity for substrate,
TF

 

A165A166

 

, retained 

 

z

 

 20% function compared with CHO/TF
(Table II). The procoagulant activities of cell lysates of these
lines in mouse and human plasma showed good correlation
with the proteolytic function on intact cells, with the exception
of mutants in which Lys165 and Lys166 were replaced. Consis-
tent with previous data (18, 22), the TF

 

A165A166

 

 mutant had

 

,

 

 1% coagulant function in human plasma. However, this mu-
tant displayed 50-fold higher procoagulant activity in mouse
plasma, retaining 

 

z

 

 17% of the wild-type CHO/TF coagulant
function, in agreement with the loss of function in the pro-
teolytic assay. The low coagulant function in human plasma is
likely a consequence of the importance of the mutated and ad-
jacent residues in supporting VII to VIIa conversion, which is
critical for TF clotting times in human plasma (26). The low
clotting activity of TF

 

A165A166

 

 in human plasma has been taken
as evidence that the downstream coagulation protease cascade
is not triggered by this mutant (18). The significant residual
proteolytic function and clotting activity in mouse plasma sug-
gest that the TF

 

A165A166

 

 mutant has only limited value to assess

the contributions of TF proteolytic activity to TF prometa-
static functions in murine animal models.

CHO cells expressing full-length human TF were markedly
more metastatic in immune-deficient SCID mice than parental
CHO-K1 cells. For example, tail vein injection of 2.5 

 

3

 

 10

 

5

 

Table II. Functional Characterization of CHO Cells Expressing Mutant TF

 

Mutation Cell line Xa generation Clotting human plasma Clotting mouse plasma

 

pM/min mU/10

 

6

 

 cells mU/10

 

6

 

 cells

 

CHO-K1 2

 

6

 

1 0.14

 

6

 

0.02 17

 

6

 

1
Wild-type CHO/TF 784

 

6

 

448 8438

 

6

 

1136 10234

 

6

 

1867
Lys165,Lys166

 

→

 

Ala TF

 

A165A166

 

164

 

6

 

119 31

 

6

 

3 1770

 

6

 

246
Lys20,Asp44,Phe140

 

→

 

Ala TF

 

A20A44A140

 

38

 

6

 

35 85

 

6

 

8 51

 

6

 

7
Lys20,Asp44,Phe140,Lys165,Lys166

 

→

 

Ala TF

 

A20A44A140A165A166

 

30

 

6

 

29 0.5

 

6

 

0.1 15

 

6

 

2
Lys244

 

→

 

stop TF

 

D

 

cyto

 

615

 

6

 

332 3427

 

6

 

238 5725

 

6

 

521
Ser253,Ser258

 

→

 

Ala TF

 

A253A258

 

485

 

6

 

148 4751

 

6

 

793 6188

 

6

 

1343
Ser253,Ser258,Ser263

 

→

 

Asp TF

 

D253D258D263

 

722

 

6

 

115 6895

 

6

 

1811 8325

 

6

 

2247

Factor Xa generation was measured on monolayers of intact cells. Clotting activity of detergent lysates was determined in a one-stage clotting assay,
and clotting times were converted into units of TF activity using a calibration curve of phospholipid-reconstituted recombinant TF.

Figure 1. Experimental metastasis of CHO cells expressing TF. 
CHO-K1 cells (top) or CHO/TF cells (bottom) at 106 cells/animal 
(left) or 2.5 3 105 cells/animal (right) were injected into the lateral tail 
vein of 6-wk-old female SCID mice. Mice were killed 10 d later, and 
lungs were fixed in Bouin’s solution.
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CHO/TF cells resulted in multiple distinct tumor foci on the
lungs of SCID mice, whereas injection of the same number of
parental CHO-K1 cells resulted in no visible foci (Fig. 1). The
cytoplasmic deletion mutant, TF

 

D

 

cyto

 

, was unable to generate
enhanced lung metastasis (Table III) despite normal pro-
teolytic and procoagulant activity. TF

 

A165A166

 

, which has some-
what reduced proteolytic and coagulant function but binds
VIIa normally (22), did support metastasis (Table III). The
metastatic behavior of TF

 

D

 

cyto

 

 and TF

 

A165A166

 

 was similar to
what Bromberg et al. (18) described for mutant TF expressed
in human melanoma cells, demonstrating that the requirement
for the cytoplasmic domain of TF in metastasis is not cell type
specific.

We have previously used specific mAbs against TF to dem-
onstrate that a proteolytically active TF–VIIa complex is re-
quired for experimental metastasis of human melanoma cells
(14). Antibody TF8-5G9 has potent anticoagulant activity by
binding to the preformed TF–VIIa complex at an epitope that
includes Lys165 and Lys166, thus competing for factor X ac-
cess and activation (20). Antibody TF9-10H10 binds to a par-
tially overlapping epitope on human TF, but does not inhibit
binding of VIIa or the function of the TF–VIIa complex. To
eliminate the possibility of Fc-mediated destruction of anti-
body-coated cells, CHO/TF cells were preincubated with Fab
fragments of either TF8-5G9 or TF9-10H10 to study their ef-
fect on TF prometastatic function. The function-blocking anti-
body TF8-5G9 inhibited the number of pulmonary foci pro-
duced by TF-expressing CHO cells by 

 

.

 

 90% (Table II). In
contrast, the noninhibitory antibody TF9-10H10 had no effect
on the metastasis of CHO/TF cells. Thus, expressing TF in
CHO cells results in enhanced experimental metastasis, and
TF-dependent metastasis in this model has the same functional
requirements as TF-dependent metastasis in other tumor mod-
els (14, 18).

VIIa binding to TF is essential for TF to function as a pro-
teolytic cofactor. Therefore, we tested the metastatic behavior
of TF mutants with 

 

.

 

 10,000-fold reduced VIIa binding capa-
bility. We found that TF mutants with decreased affinity for
VIIa, TF

 

A20A44A140

 

 and TF

 

A20A44A140A165A166

 

, were unable to sup-
port metastasis (Table IV). Interestingly, TF

 

A20A44A140A165A166

 

,
which combined the defect in VIIa binding with decreased

proteolytic activity, also generated the smallest number of me-
tastases. However, the requirement for VIIa binding may be
due to signaling induced by ligand binding to TF. To test
whether VIIa binding to TF is sufficient to support metastasis,
we tested the effect of forming a complex of TF with co-
valently inactivated human recombinant VIIa (VIIai). Prein-
cubating CHO/TF cells with VIIai at concentrations between
10 and 0.01 

 

m

 

M resulted in a dose-dependent inhibition of me-
tastasis (Table V), excluding that ligand binding is sufficient to
support metastasis. We also found no toxic effect of VIIai,
since incubation of CHO/TF cells with VIIai under tissue cul-
ture conditions for as long as 48 h did not affect cell viability or
cell proliferation.

To exclude that the binding of VIIai before injection of the
tumor cells induced a signal followed by a refractory state in
which cells fail to metastasize, animals were also systemically
anticoagulated with VIIai. Assembly and binding of inhibitor
under these conditions follows the same kinetics as the natural
ligand VIIa that circulates in the blood. Systemic administra-
tion of 500 or 50 

 

m

 

g VIIai to mice before injecting CHO/TF
cells prevented pulmonary metastasis (Table V), presumably
by competing with endogenous mouse VIIa for binding to TF.
Intravenous (i.v.) administration of VIIai before tumor cell in-
jections was also effective (data not shown). However, VIIai
may also compete with an unknown ligand of TF that is re-

 

Table III. Experimental Metastasis of CHO Cells Expressing 
Wild-type or Mutant TF

 

Cell line Antibody Pulmonary foci

 

P

 

Experiment 1
CHO/TF None 140, 148, 149, 198, 234, 237
TF

 

D

 

cyto

 

None 3, 6, 7, 16, 17, 19 0.0022
TF

 

A165A166

 

None 182, 199, 246, 261, 295, 301 0.041
CHO-K1 None 0, 0, 0, 0, 0, 1 0.0022

Experiment 2
CHO/TF None 109, 142, 174, 194
CHO/TF TF8-5G9 10, 12, 13, 16 0.0285
CHO/TF TF9-10H10 137, 180, 181, 186

 

.

 

 0.5

2.5 

 

3 105 cells per mouse were injected i.v. into SCID mice. When indi-
cated, cells were preincubated with 1 mg antibody Fab fragment per 2.5 3
105 cells for 30 min before i.v. injection. P, Probability of no difference
to control group in the Wilcoxon rank sum test.

Table IV. Experimental Pulmonary Metastasis of CHO Cells 
Expressing Mutant TF

Cell line Pulmonary foci P

CHO/TF 78, 93, 107, 123, 149, 194
TFA20A44A140 3, 3, 7, 9, 10, 18 0.0022
TFA20A44A140A165A166 0, 0, 1, 2, 2, 3 0.0022

2.5 3 105 cells per mouse were injected i.v. into SCID mice. P, Probabil-
ity of no difference to CHO/TF in the Wilcoxon rank sum test.

Table V. Effect of VIIai on Experimental Metastasis of
CHO/TF Cells

Treatment Pulmonary foci P

Experiment 1
PBS 301, 322, 353, 455, 476
10 mM VIIai 5, 5, 6, 6, 7 0.0079
1 mM VIIai 0, 7, 12, 15, 22 0.0079
0.1 mM VIIai 87, 114, 136, 155, 165 0.0079
0.01 mM VIIai 244, 265, 303, 323, 368 0.22

Experiment 2
PBS 176, 304, 317, 337, 355, 365, 407
500 mg VIIai 0, 0, 1, 2, 4, 5, 24 0.00058
50 mg VIIai 1, 2, 4, 5, 10, 13, 63 0.00058
500 mg VIIa 128, 141, 226, 237, 311, 325, 340 0.097

CHO/TF cells (2.5 3 105 in 200 ml PBS per mouse) were either preincu-
bated with VIIai for 30 min before i.v. injection (experiment 1) or in-
jected into SCID mice that had received 1 h earlier an i.p. injection of
VIIa or VIIai in 500 ml PBS (experiment 2). P, Probability of no differ-
ence to the untreated controls in the Wilcoxon rank sum test.
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quired for metastasis. This competition should be mimicked by
high concentrations of active VIIa. Systemic administration of
500 mg human recombinant VIIa did not inhibit metastasis of
CHO/TF cells. Note in this regard that VIIai binds with an ap-
proximately fivefold higher affinity to TF than VIIa (27), and
therefore, the 500-mg dose of VIIa should be compared to 50 mg
VIIai. At this concentration, VIIai was an effective inhibitor of
tumor cell dissemination. Furthermore, VIIai and VIIa were
both absorbed efficiently after i.p. injection and showed simi-
lar plasma levels during the injection phase of the tumor cells,
which was 1 h after i.p. administration (Table VI). Earlier
studies had shown that protease generation needs to be inhib-
ited for z 1 h during the injection phase of the tumor cells in
order to prevent metastasis formation (17).

TF-dependent activation of coagulation proteases leads to
the activation of signaling protease receptors, including the
thrombin receptor (15). Signaling through protease-activated
receptors may result in the phosphorylation of Ser residues of
the TF cytoplasmic domain and thus support the prometastatic
function of the cytoplasmic domain. To analyze the role of
phosphorylation of the TF cytoplasmic domain in supporting
TF prometastatic functions, we introduced Ala replacements
for Ser253 and Ser258 which are phosphorylated in response
to phorbol ester stimulation and which are conserved phos-
phorylation acceptor residues among species (28). The mutant
was expressed at high levels and normal functional activities
(Tables I and II). The TFA253A258 mutants consistently pro-
duced a lower number of metastases than the wild-type CHO/
TF line (Table VII). However, the loss of function is much less
severe than that observed for the cytoplasmic domain deletion

mutant, which essentially lost prometastatic functions. These
data argue that phosphorylation of these Ser residues, al-
though possibly supporting metastasis, is not absolutely re-
quired for TF prometastatic functions. We also generated a
mutant TF in which the cytoplasmic Ser residues had been re-
placed with Asp to increase the negative charge at these posi-
tions, which may mimic phosphorylation while maintaining the
side chain geometry. This mutant, TFD253D258D263, was ex-
pressed in CHO cells at similar levels and with similar pro-
teolytic activity as wild-type TF (Tables I and II) and formed
experimental pulmonary metastasis in SCID mice to the
same extent as CHO/TF cells (Table VIII). Metastasis of
TFD253D258D263 was inhibited when cells were preincubated with
VIIai (Table VIII), demonstrating that cells expressing this
mutant still require the assembly of a proteolytically active
TF–VIIa complex for efficient metastasis. These data suggest
that proteolytic function is probably not solely required for
phosphorylation of the TF cytoplasmic domain. Rather, it ap-
pears that prometastatic functions of TF depend on the cata-
lytically active TF–VIIa complex acting in concert with unde-
fined functions of the cytoplasmic domain of TF.

Discussion

We demonstrate here that transfection of CHO cells with TF
enhances experimental tumor cell metastasis, as shown previ-
ously for human melanoma. TF-dependent metastasis of CHO
cells required the TF cytoplasmic domain but was also blocked
selectively by inhibitory antibodies to TF. Thus, this model re-
capitulates all previous data, emphasizing that TF prometa-
static functions are dependent on both extracellular pro-
teolytic activity and currently undefined functions of the
cytoplasmic domain of TF. We confirm here that expression of
a TF mutant, TFA165A166, which is essentially devoid of proco-
agulant function in human plasma, fully supports TF-depen-
dent metastasis (18). We demonstrate that this mutant retains
coagulant activity in mouse plasma to a degree consistent with
its only fivefold reduced proteolytic function, as measured
with purified proteins on intact cells. We conclude that this re-
sidual function is sufficient to support the metastatic process.

Mutation of three of the key contact residues in TF for its
ligand VIIa essentially abolished TF-dependent metastasis,
demonstrating the essential role of ligand binding in the meta-
static process. These data may indicate that VIIa binding coop-
erates with functions of the cytoplasmic domain, which is
equally essential for metastasis. We exclude that ligand VIIa
binding is sufficient per se to support TF-dependent metasta-

Table VI. Plasma Levels of VIIai and VIIa after i.p. Injection

Time after i.p. injection VIIai concentration VIIa concentration

h mg/ml mg/ml

1 32.9611.5 19.264.8
2 53.966.5 45.8622.9
6 29.5611.8 10.865.4

Each animal received a 250-mg i.p. injection of recombinant human VIIai
or VIIa at time 0. Heparinized blood was obtained from retroorbital
blood drawing, and the plasma concentration of VIIai or VIIa was
determined by an mAb sandwich ELISA specific for human VIIa.
Mean6SD for three animals is given.

Table VII. Experimental Pulmonary Metastasis of CHO Cells 
Expressing Cytoplasmic Domain Ser→Ala Mutant of TF

Cell line Pulmonary foci P

Experiment 1
CHO/TF 109, 142, 174, 194
TFA253A258 58, 74, 75, 79 0.0022

Experiment 2
CHO/TF 370, 383, 387, 484, 485
TFA253A258 155, 162, 278, 308, 377 0.0158

2.5 3 105 cells per mouse were injected i.v. into SCID mice. P, Probabil-
ity of no difference to CHO/TF in the Wilcoxon rank sum test.

Table VIII. Experimental Metastasis of CHO Cells Expressing 
Mutant TF with a Pseudophosphorylated
Cytoplasmic Domain

Cell line Treatment Pulmonary foci P

CHO/TF PBS 212, 254, 274, 310, 322, 350 . 0.5
TFD253D258D263 PBS 235, 257, 285, 290, 336, 383
TFD253D258D263 VIIai 0, 4, 5, 14, 15, 18 0.0022

2.5 3 105 cells per mouse were preincubated either for 30 min with 10
mM VIIai or in PBS and were injected i.v. into SCID mice. P, Probabil-
ity of no difference to TFD253D258D263 in the Wilcoxon rank sum test.
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sis, by demonstrating antimetastatic properties of covalently
inactivated VIIai, which binds tightly to TF. Furthermore, high
concentrations of active VIIa administered to the mice did not
block metastasis, excluding that the inhibitory action of VIIai
is through competition with an unknown ligand for TF. Thus,
formation of a catalytically active TF–VIIa complex is re-
quired for metastasis. The severe loss of coagulant function af-
ter disruption of VIIa binding, together with earlier studies
(14–17), thus strongly supports the concept that the prometa-
static functions of TF involve the generation of downstream
proteolytic activity.

Tumor cell metastasis is viewed as a multistep process that
involves intravasation of tumor cells from the primary tumor,
survival in the circulation, arrest in the microcirculation, ex-
travasation, and tumor growth in the secondary site (11, 12).
From clinical observations and experimental studies, it ap-
pears that metastasis is inherently an inefficient process (29),
but it is controversial what steps in the metastatic process are
rate-limiting (30). TF expression contributes to the likelihood
that a cell overcomes one or more rate-limiting steps in me-
tastasis. There are several potential targets for proteases, most
notably thrombin, that are generated by the TF–VIIa complex
on the tumor cell surface. Thrombin may enhance tumor cell
interactions with the vessel wall by upregulating cell–cell adhe-
sion molecules, such as P-selectin and intercellular adhesion
molecule 1, on endothelial cells (31) and by enhancing tumor
cell adhesion to endothelial cells and the subendothelial matrix
(32). If tumor cell extravasation is rate-limiting in metastasis,
thrombin generation may facilitate this process by altering en-
dothelial permeability (33, 34) or by upregulating matrix deg-
radation (35).

Postextravasation migration to preferred sites in the paren-
chyma of the secondary organ may regulate the efficiency of
tumor cell metastasis (36). Migration may be influenced by
thrombin receptor activation, which alters the cytoskeleton or-
ganization by uncapping actin filament barbed ends (37), and
enhances cell motility indirectly by inducing the production of
chemotactic factors in vascular pericytes (38). The fate of a
metastasizing cell may be determined by its ability to prolifer-
ate and grow a secondary tumor. Thrombin receptor signaling
has been shown to induce proliferation of smooth muscle cells
as well as metastatic tumor cells (15, 39, 40). Finally, several of
these pathways may also support angiogenic neovasculariza-
tion of tumor metastases, a biological process regulated by TF
expression on tumor cells (7).

Our data suggest that proteolytic function of the TF–VIIa
complex does not serve simply to modulate the phosphoryla-
tion state of the TF cytoplasmic domain, but rather that TF has
a dual function in metastasis, namely the assembly of a pro-
teolytic complex and intracellular functions possibly related to
signaling. Thus, TF serves as an example for the role of cell
surface molecules in the regulation of the interactions between
tumor cells and their extracellular environment. Another pro-
tease receptor with dual function in tumor cell biology is the
receptor for the urokinase-type plasminogen activator (uPA).
The uPA receptor enables invading cells to degrade the extra-
cellular matrix by directing the proteolytic activity of uPA, en-
hancing its catalytic activity and protecting it from inactivation
by protease inhibitors (41). However, uPA binding to the uPA
receptor, independent of its catalytic activity, also initiates sig-
nal transduction events that lead to tumor cell activation and
migration (42, 43). Another example of a cell surface molecule

with more than one function in tumor biology is the integrin
avb3, which is a cellular adhesion receptor for matrix proteins
containing an Arg-Gly-Asp motif. avb3 mediates cell adhesion
and migration on extracellular matrices and thereby modulates
the behavior of metastatic tumor cells as well as endothelial
cells in angiogenic vessels (44). Recently, avb3 was discovered
also to function as a receptor for the matrix metalloproteinase
MMP-2 (45), and therefore contributes to the proteolytic re-
modeling of extracellular matrices. Thus, the uPA receptor,
the integrin avb3, and TF may be examples for an emerging
paradigm, specifically that multiple and overlapping functions
rather than a single distinct function of cell surface receptors
coordinate the behavior of invasive cells in their extracellular
environment.
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