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KEY PO INT S

l The FVIIa integrin-
binding motif is
required for TF-FVIIa
complex formation
with integrin b1 and
proangiogenic
signaling.

l The arf6 integrin
recycling pathway
controls TF-FVIIa
signaling and cell
surface availability for
procoagulant activity.

The tissue factor (TF) pathway serves both hemostasis and cell signaling, but how cells
control these divergent functions of TF remains incompletely understood. TF is the re-
ceptor and scaffold of coagulation proteases cleaving protease-activated receptor 2
(PAR2) that plays pivotal roles in angiogenesis and tumor development. Here we dem-
onstrate that coagulation factor VIIa (FVIIa) elicits TF cytoplasmic domain-dependent
proangiogenic cell signaling independent of the alternative PAR2 activator matriptase.
We identify a Lys-Gly-Glu (KGE) integrin-binding motif in the FVIIa protease domain that is
required for association of the TF-FVIIa complexwith the active conformer of integrinb1. A
point mutation in this motif markedly reduces TF-FVIIa association with integrins, atten-
uates integrin translocation into early endosomes, and reduces delayed mitogen-activated
protein kinase phosphorylation required for the induction of proangiogenic cytokines.
Pharmacologic or genetic blockade of the small GTPase ADP-ribosylation factor 6 (arf6)
that regulates integrin trafficking increases availability of TF-FVIIa with procoagulant
activity on the cell surface, while inhibiting TF-FVIIa signaling that leads to proangiogenic

cytokine expression and tumor cell migration. These experiments delineate the structural basis for the crosstalk of the
TF-FVIIa complexwith integrin trafficking and suggest a crucial role for endosomal PAR2 signaling in pathways of tissue
repair and tumor biology. (Blood. 2018;131(6):674-685)

Introduction
Tissue factor (TF) exerts dual functions as the initiator of co-
agulation and hemostasis and in directing cell signaling by TF-
associated proteases that primarily cleave protease-activated
receptor 1 or 2 (PAR1 or PAR2). Distinct pools of TF with dif-
ferent affinities for coagulation factor VIIa (FVIIa) support PAR
signaling. Activation of PAR2 by TF-FVIIa is saturated only at
relatively high FVIIa concentrations (;10 nM),1-4 whereas acti-
vation of PAR1 or PAR2 by TF-FVIIa–generated nascent product
FXa is already maximal at pM concentrations of FVIIa.5-7 Sig-
naling of the TF-FVIIa-FXa complex requires the endothelial
protein C receptor (EPCR)8 and is essential for induction of
interferon-regulated genes downstream of innate immune toll-
like receptor 4 signaling.9 In contrast, signaling by TF-FVIIa can
be inhibited by anti-TF antibody 10H10 which prevents asso-
ciation of TF with integrins, resulting in antitumor effects inde-
pendent of blocking TF-dependent coagulation activation.10

Although these data indicate that distinct receptor complexes
support TF-dependent PAR signaling, a recent study proposed
that upstream coagulation proteases initiate cell signaling in-
directly through a common mechanism involving the PAR2 ac-
tivator matriptase.11,12 Thus, it remains incompletely understood
how the TF-FVIIa complex signals by activating PAR2.

In addition to studies with monoclonal antibodies that impli-
cate TF-dependent signaling in tumor progression and chronic
inflammation,10,13 direct inhibitors of TF-FVIIa have potent
antiangiogenic properties in PAR2-dependent hypoxia-driven
neovascularization14,15 and attenuate colon cancer develop-
ment.16 Studies in an oncogene-driven mouse model of breast
cancer have delineated a role for PAR2, but not PAR1, in pro-
moting tumor development.17 Tumor progression in this immune-
competent model also requires the TF cytoplasmic domain18 that
is phosphorylated downstream of PAR219 and regulates integrins
dependent on TF phosphorylation.20-24 In addition to cancer cells
that are known to ectopically synthesize upstream coagulation
factors dependent on epigenetic mechanisms or hypoxia,25-27

tumor-associated macrophages present another relevant source
for FVII and FX in the tumor microenvironment.28 Therefore,
coagulation factors are present in extravascular locations, and it is
important to understand the precise mechanism by which FVIIa
elicits tumor cell PAR2 signaling and synthesis of a complex
repertoire of immune modulatory and proangiogenic cytokines.29

The TF extracellular domain interacts with several heterodimers
of integrin b1 as well as avb3.20 Alternatively spliced TF retains
the ability to ligate integrins avb3 and a6b1 for regulating
endothelial function in angiogenesis, inflammation, and breast
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cancer cell proliferation.30-32 Although integrin ligation by al-
ternatively spliced TF is independent of FVIIa, it is not well
understood how FVIIa induces integrin effects in TF signaling.
Here we identify the FVIIa integrin-binding motif that is required
for complex formation of full-length TF with integrins. With a
mutant defective in FVIIa-induced TF-integrin association, we
demonstrate the functional importance of FVIIa in regulating TF-
integrin b1 endocytosis during proangiogenic and promigratory
signaling by the TF-FVIIa complex.

Methods
Materials
Recombinant human FVIIa wild-type (wt) and E26A mutant were
produced at Novo Nordisk (Maløv, Denmark). PAR2 agonist
peptide SLIGRL was synthesized in house.33 The recombinant
catalytic domain of human matriptase/ST14 was purchased from
R&D Systems (Minneapolis, MN), MEK inhibitor U0126 from
Cayman Chemicals (Ann Arbor, MI), PI3 kinase inhibitor LY290014
from Sigma-Aldrich (St. Louis, MO), arf6 modulator QS11 from
Santa-Cruz Biotechnology (Santa Cruz, CA), and arf6 inhibitor SH3
from Tocris (Bristol, United Kingdom).

Adenoviral constructs
pcDNA3.1 constructs encoding for arf6 wt, T27N, or Q67L were
kindly provided by Crislyn D’Souza-Schorey34 and subcloned
into pShuttle-cytomegalovirus. After recombination into AdEasy
1 vector, HEK 293 cells were used for adenovirus production as
described for TF and PAR2-expressing adenoviruses.5,19,21,35

Cell culture
HaCaT keratinocytes36 were grown in Dulbecco’s modified
Eagle medium (DMEM), 10% fetal calf serum, 1 mM glutamine,
and 10 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
(HEPES). A7 melanoma cells37 were transduced with human full-
length TF or cytoplasmic domain–deleted TF (truncated after
His243), PAR2, and where indicated, arf6 adenoviral expression
vectors and cultured in Eagle’s minimum essential medium (8%
newborn calf serum, 2% fetal calf serum, 1 mM glutamine, 10 mM
HEPES, 500mg/LG418).MDA-MB-231mfpbreast cancer cells and
M24met melanoma cells were cultured as described previously.10

Typically, cells were transferred 6 hours before stimulation into
serum-freeDMEMcontaining 1mMglutamine and 10mMHEPES.

Messenger RNA (mRNA) isolation and quantitative
polymerase chain reaction
RNA was isolated with TRIzol Reagent (Life Technologies,
Carlsbad, CA) and transcribed into complementary DNA using
the SuperScript III First-Strand Synthesis System (Invitrogen, Life
Technologies, Carlsbad, CA) for TaqMan quantitative poly-
merase chain reaction to quantify interleukin-8 (IL-8) with primers
(Eurofins MWG Operon, Huntsville, AL) as described.38

Western blotting
We used the following antibodies: polyclonal anti-human TF
antibody,39 anti-human matriptase/ST14 catalytic domain anti-
body from R&D Systems (Minneapolis, MN), integrin b1 poly-
clonal antibody from Cell Signaling (Danvers, MA), and arf6 and
HA-tag antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA). Cells were typically lysed in nonreducing sodium dodecyl
sulfate sample buffer (Life Technologies) for gel electrophoresis.

Immunoprecipitation
After stimulation, cells were lysed in Brij 35 buffer (50 mM
tris(hydroxymethyl)aminomethane (Tris)/HCl, 1% Brij 35, 150 mM
NaCl, 1 mM CaCl2, 1 mM MgCl2 [pH 7.4] and freshly added
protease and phosphatase inhibitors) for 15 minutes on ice. Cell
lysates were cleared from debris, and the Brij 35–soluble fraction
was separated from the insoluble fraction by centrifugation at
16 000g at 4°C for 30 minutes. Then, 0.5 mL of Brij 35–soluble
fraction was incubated with antibodies conjugated to tosyl-
activated paramagnetic DynaBeads M-450 (Life Technologies)
at 4°C overnight. DynaBeads were rinsed 3 times with Brij 35
buffer, and bound proteins were eluted by adding 50 mL of
nonreducing sodium dodecyl sulfate sample buffer at 90°C for
5 minutes.

Confocal microscopy
Cells were seeded on glass cover slips the day before and
switched to serum-free medium for 6 hours before the experi-
ment. In addition, 5 mg/mL fluorophore-labeled anti-FVIIa an-
tibody 12C7 and anti-integrin b1 antibody TS2/16 produced in
house were added to stimulations with FVIIa as indicated. Cells
were fixed with 4% formaldehyde in phosphate-buffered saline
for 10 minutes at room temperature and permeabilized with
0.1% Triton X-100. Alternatively, cells were incubated with FVIIa
and fixed without permeabilization, followed by counterstaining
with fluorophore-labeled anti-FVIIa antibody 3G12. For in-
tracellular staining, surface FVIIa was blocked with unlabeled
antibody, and fixed and permeabilized cells were then stained
with labeled antibody. Intracellular targets were counterstained
with anti–early endosome antigen 1 (EEA1) monoclonal antibody-
Alexa Fluor 488 (MBL International, Woburn, MA), 5 mg/mL
TS2/16-Alexa Fluor 488, and nuclei with 1 mg/mL Hoechst 33342
(Life Technologies). Cover slips were embedded in Fluorescent
Mounting Medium (Dako, Carpinteria, CA) for imaging with a
633 or 403 oil emersion objective on a Zeiss 710 laser scanning
microscope (Carl Zeiss, Jena, Germany). Images were processed by
using ImageJ software (https://imagej.nih.gov/ij/).

Flow cytometry
Cells were recoveredwith trypsin/EDTA and stainedwith directly
labeled antibodies to TF (5G9, 10H10) and integrin b1 (AIIB2) for
flow cytometry.

Functional assay
Cells were rinsed once with HBS (10mMHEPES [pH 7.4], 137mM
NaCl, 5.3 mM KCl, 1.5 mM CaCl2). TF activity was determined by
adding 0.5 mL HBS containing human FVIIa and 50 nM FX
(Haematologic Technologies, Essex Junction, VT) to adherent
cells per 12-well plate at 37°C. Activity of FXa was measured in
0.1M EDTA-quenched samples with the chromogenic substrate
Spectrozyme FXa (Sekisui Diagnostics, Stamford, CT) by using a
kinetic plate reader (Spectramax M2, Molecular Devices).

PAR2 cleavage
PAR2 cell surface cleavage was determined as previously
described.8,40 Briefly, Chinese hamster ovary cells were transfected
to express FLAG-tagged PAR2. After incubation, uncleaved sur-
face PAR2 was detected by using peroxidase-conjugated anti-
FLAG antibody and 3,39,5,59-tetramethylbenzidine substrate,
and the percentage of cleavage was calculated on the basis of
unstimulated controls.
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Migration assay
Migration assays were performed as described previously.41 Briefly,
migration of M24met human melanoma cells toward NIH3T3
fibroblast-conditioned medium was determined in Transwell
chambers (Corning Incorporated, Kennebunk, ME). Cells were
harvested from cell culture with a nonenzymatic method (Versene)
to avoid PAR2 activation, stimulated for 30minutes with FVIIa wt or
mutant, and then added to the upper compartment of the mi-
gration chamber. Where indicated, cells were incubated with the
arf6 inhibitor SH3 for 30minutes before incubation with FVIIa. Cells
were allowed to migrate for 4 hours and counted in the lower
compartment of the migration chamber.

Results
TF-FVIIa–induced IL-8mRNA upregulation does not
require matriptase activity
Human keratinocyte (HaCaT) cells are an established model for
studying TF-FVIIa signaling3,5 and epithelial cell PAR2 activation by

either the TF-FVIIa binary complex or the TF-FVIIa-Xa ternary
complex, which can involve PAR2 cleavage by matriptase (ST-14) as
an intermediaryprotease.Activationofmembrane-boundmatriptase
results in the autocatalytic release of the catalytic domain. Consistent
with a previous report,11 we observed that stimulationwith TF ternary
complex facilitated matriptase release. However, at plasma con-
centrations, neither human FVIIa wt nor the signaling-deficient
mutant FVIIa Q40A40 promoted shedding of matriptase (Figure 1A).

Matriptase proteolytic activity and hence matriptase-induced PAR2
cleavage is blockedbyprotease inhibitors camostat and aprotinin.11

We titrated the inhibitors in an FXa generation assay onHaCaT cells
and determined that 5 mM aprotinin and 1 mM camostat did not
interfere with TF-initiated coagulation (Figure 1B). At these con-
centrations, both inhibitors prevented IL-8 induction by exoge-
nously added matriptase but had no effect on IL-8 upregulation by
either the TF-FVIIa binary or the TF ternary complex (Figure 1C).

We previously used the TF-deficient A7 melanoma cell model
to study TF interaction with integrin in cell migration and
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Figure 1. TF-FVIIa–induced IL-8 mRNA upregulation does not require matriptase activity. (A) Representative western blots of matriptase (ST-14) in cell lysates and cell-free
supernatant from HaCaT cells stimulated with FVIIa (25 nM), signaling deficient FVIIa mutant Q40A (25 nM), FVIIa (1 nM)/FX (50 nM), and catalytic domain of recombinant human
matriptase (rhST-14, 5 nM) for 30 and 60 minutes. Uncleaved matriptase has an apparent molecular weight of 72 kDa, whereas the protease domain is detected at 26 kDa. (B)
HaCaT cell surface FXa generation with 10 nM FVIIa in the presence of indicated concentrations of protease inhibitors camostat and aprotinin. (C) IL-8 mRNA in HaCaT cells
stimulated for 90 minutes with recombinant matriptase (rhST-14, 5 nM), FVIIa (10 nM), or FVIIa (1 nM)/FX (50 nM) in the absence or presence of serine protease inhibitors
camostatin (1mM) and aprotinin (5mM) (n5 3; one-way analysis of variance (ANOVA) and Dunnett’s test. (D) Representative western blot of matriptase (ST-14) in cells and cleared
cell supernatant of A7melanoma cells stimulated with FVIIa (25 nM), FVIIa (1 nM)/FX (50 nM), and recombinant human catalytic domain of matriptase (rhST-14, 5 nM) for 30 and 60
minutes, respectively. Because of their low inherent PAR2 signaling activity (PAR2 agonist SLIGRL induced IL-8 by 2.2-6 1.0-fold, and FVIIa showed no induction of IL-8 [1.0-6 0.3-
fold]), A7 cells were transduced to express PAR2 and TF using adenoviral vectors. (E) Quantification of IL-8 mRNA in A7 melanoma cells stimulated for 90 minutes with recombinant
matriptase (rhST-14, 5 nM), FVIIa (10 nM), or FVIIa (0.5 nM)/FX (50 nM) in the absence or presence of serine protease inhibitor aprotinin (5 mM) (n 5 4). *P , .05, Student t test.
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TF-dependent metastasis.20,42 Matriptase was not detected in
western blots of cell lysates and cell supernatants of A7 melanoma
cells, including after transduction with adenovirus to express TF
and PAR2 (Figure 1D). Addition of recombinant matriptase in-
duced IL-8 mRNA expression that was blocked by aprotinin;
however, aprotinin did not inhibit TF-FVIIa–mediated upregulation
of IL-8 induction (Figure 1E). Note that increased IL-8 inductionwas
observed with both FVIIa and matriptase, indicating PAR2 over-
expression in A7 relative to HaCaT cells. Thus, pharmacologic
inhibitors and experiments in matriptase-deficient melanoma cells
show that TF-FVIIa signaling induces proangiogenic cytokines
independently of matriptase as a downstream intermediary.

TF-FVIIa triggers a distinct PAR2 signaling pathway
that involves PI3 kinase-dependent MAP
kinase signaling
FVIIa and PAR2 agonist SLIGRL induction of IL-8 in HaCaT cells
was blocked by inhibitors of the mitogen-activated protein

(MAP) kinase pathway (U0126) or PI3 kinase pathway (LY924002)
(Figure 2A). However, FVIIa stimulation produced a distinct delay
in MAP kinase ERK phosphorylation with a peak at 30 minutes,
whereas ERK phosphorylation induced by the direct agonist
SLIGRL or the soluble protease trypsin was already maximal after
10 minutes of stimulation (Figure 2B). In addition, although IL-8
induction by SLIGRL and FVIIa was sensitive to PI3 kinase in-
hibitor (Figure 2A), only FVIIa-induced ERK phosphorylation was
dependent on PI3 kinase activity (Figure 2C).

Because the TF cytoplasmic domain is important for tumor pro-
gression in vivo,18 we evaluated the contribution of the TF cy-
toplasmic domain to IL-8 induction in the A7 melanoma model.
Virus doses were optimized for achieving similar expression of
PAR2 along with full-length or cytoplasmic domain–deleted TF
(TFDCT) documented at 24 hours after transduction (Figure 2D).
Despite similar transduction efficiency, TFDCT expression levels
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continued to rise and were higher after 48 to 72 hours when this
re-expression model reproduced the MAP kinase– and PI3
kinase–dependent induction of IL-8 (Figure 2E), as seen with
HaCaT cells. Despite the higher expression of cytoplasmic
domain–deleted TF, IL-8 induction by FVIIa was significantly re-
duced in A7melanoma cells expressing TFDCT compared with full-
length TF (Figure 2F).

In addition, in TF pull-down assays, we found that the PI3 kinase
regulatory subunit p55 co-immunoprecipitated specifically with
full-length TF, but not TFDCT (Figure 2G). These data indicate that
the TF cytoplasmic domain directly recruits PI3 kinase required for
proangiogenic TF-FVIIa signaling. Because the TF cytoplasmic
domain regulates integrin function and cell migration,20,22,23,43 we
further evaluatedwhether previously demonstrated FVIIa-induced
co-immunoprecipitation of TF with integrins10 was dependent on
the TF cytoplasmic domain. FVIIa induced a similar association of
TF with integrins irrespective of the presence of the TF cyto-
plasmic domain (Figure 2H). Thus, the cytoplasmic domain of
TF plays roles in IL-8 induction downstream of FVIIa-induced
TF-integrin complex formation.

FVIIa promotes TF complex formation with the
active conformer of integrin b1
With optimized immunoprecipitation from HaCaT cells, we found
that FVIIa promoted TF association with integrin b1 immuno-
precipitated with antibody TS2/16, which recognizes the active
conformation of integrin b1.44 Co-immunoprecipitation under
these conditions was essentially undetectable with the inhibitory
antibody AIIB244 (Figure 3A). In addition, FVIIa incubation for
30minutes promoted a significant increase in immunoprecipitation
of integrin b1 with TS2/16 that was independent of FVIIa catalytic
activity (Figure 3B) and the TF cytoplasmic domain (Figure 2H),
indicating that complex formation with TF-FVIIa induces re-
cruitment of active integrin b1 into Brij 35–soluble membrane
domains independent of TF-PAR2 signaling.

As previously shown,10 anti-TF antibody 10H10, which has only
moderate effects on cell surface FXa generation, blocked
TF-FVIIa–induced IL-8 upregulation (Figure 3C) and FVIIa-
mediated TF-integrin b1 complex formation detected in TS2/16
immunoprecipitates (Figure 3D). TF and PAR2 are required for
tumor growth of MDA-MB-231mfp breast cancer cells,10 which
express similar levels of integrin b1 (HaCaT 2649 6 713 mean
fluorescence intensity [MFI]; MDA-MB-231mfp: 2809 6 956 MFI)
and twofold lower TF (HaCaT: 619561774MFI;MDA-MB-231mfp:
2467 6 1268 MFI). IL-8 upregulation in response to FVIIa was also
independent of matriptase activity (Figure 3E), and FVIIa promoted
TF complex formation with the active conformer of integrin b1
(Figure 3F) in this pathophysiologically relevant tumor model.

To visualize the fate of FVIIa after cell binding, we used anti-FVIIa
antibody 12C7 to an exosite epitope in the FVIIa protease
domain.45 Antibody 12C7 does not block the catalytic func-
tion, but it does interfere with binding and activation of mac-
romolecular substrate FX. Antibody 12C7 did not inhibit TF-FVIIa

induction of IL-8 (12C7: 2.6- 6 0.82-fold; control: 3.0- 6 0.84-
fold induction) at the concentration (5mg/mL) used for imaging.
In addition, antibody 12C7 immmunoprecipitated the TF-
integrin b1 complex after addition of FVIIa to HaCaT cells
(Figure 3G), confirming that it is noninhibitory.

AlexaFluor647-labeled anti-FVIIa antibody 12C7 was added
to breast cancer cells stimulated with FVIIa, and after 5 or 30
minutes, cells were permeabilized for counterstainingwith TS2/16
conjugated to AlexaFluor488 to visualize integrin b1. FVIIa
was mainly present at the cell surface 5 minutes after addition
but was found in perinuclear compartments after 30 minutes of
stimulation (Figure 3H). No staining was seen in the absence of
FVIIa, but FVIIa perinuclear staining was also detectable in
HaCaT cells (Figure 3I). Importantly, FVIIa localized to organelles
that also stained positive for integrin b1. Postfixation staining
with fixation-insensitive anti-FVII antibody 3G12 after blocking
cell surface FVIIa with unlabeled antibody confirmed that in
permeabilized MDA-MB-231mfp, FVIIa was detectable intra-
cellularly, excluding that internalization was dependent on the
presence of the detecting antibody (Figure 3J). FVIIa staining co-
localized with the early endosomal marker EEA1 in MDA-MB-
231mfp (Figure 3K) and HaCaT cells (Figure 3L), but after
30 minutes of stimulation, no co-localization was observed with
markers of lysosomes (Lamp-1), late endosomes (Rab7), and
recycling endosomes (Rab11A) (data not shown). Because early
endosomes serve as locations for MAP kinase signaling, the
translocation of the TF-FVIIa-integrin complex into endosomes
may be crucial for proangiogenic TF-FVIIa signaling.

The KGE integrin-binding motif in FVIIa is required
for integrin b1 complex formation and
proangiogenic cell signaling
Tripeptide motifs of a basic and acidic amino acid spaced by a
neutral residuemediate integrin interaction. A Lys-Gly-Glu (KGE)
motif, shown in the crystal structure of FVIIa (Figure 4A), is lo-
cated within the macromolecular substrate binding exosite of
the FVIIa protease domain.45-47 A point mutation of glutamic acid
26 (E26) (chymotrypsin numbering) for alanine (FVIIa E26A) had
only minimal effects on the cleavage of small chromogenic or
macromolecular substrates (Figure 4B-C), indicating overall
structural integrity of the FVIIa mutant. Moreover, cleavage
assays8 showed similar proteolytic cleavage of cell surface PAR2
by mutant or wt FVIIa (Figure 4D), demonstrating that the mu-
tation does not affect the catalytic activity of FVIIa relevant for
cell signaling.

However, FVIIa E26A was significantly impaired in inducing TF-
integrin b1 complex formation (Figure 4E). The delayed ERK
phosphorylation was attenuated when HaCaT cells were stimu-
lated with FVIIa E26A compared with FVIIa wt (Figure 4F). Con-
sistently, IL-8 upregulation was significantly reduced when cells
were stimulated with FVIIa E26A (Figure 4G). Poor binding of
12C7 to FVIIa E26A limited the use of the antibody for intracellular
tracking of the mutant, but prolonged incubation with FVIIa wt,
but not FVIIa E26A, resulted in a significant downregulation of cell

Figure 3 (continued) 12C7-Alexa647 (5 mg/mL) and counterstaining for integrin b1 with TS2/16-FITC. Scale bar 5 10 mm. (J) Postfixation staining of MDA-MB-231 cells after
incubationwith FVIIa for 5 and 15minuteswith anti-FVIIa 3G12-Alexa647 with andwithout permeabilization after blockade of surface FVIIa with unlabeled antibody. Confocal images
of (K) MDA-MB-231 cells and (L) HaCaT cells incubatedwith anti-FVIIa 12C7-Alexa647 (5mg/mL) during 30minutes of stimulationwith FVIIa (10 nM). Cells were counterstained for early
endosomal marker EEA1 (aEEA1-Alexa488 conjugate, 5 mg/mL) and nuclei (Hoechst, 1 mg/mL) postfixation. Scale bar 5 10 mm. con, control.
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surface TF (Figure 4H). In addition, we found that surface-labeled
integrin b1 detected by the active conformer antibody TS2/16
translocated to EEA1-positive compartments when cells were
stimulated with FVIIa wt, but not with FVIIa E26A (Figure 4I). Taken
together, these data show that the FVIIa KGE motif is required for
TF-FVIIa complex formation with integrin b1 and integrin in-
ternalization, ERK phosphorylation, and IL-8 induction.

Arf6-dependent trafficking controls TF signaling
and procoagulant function
We next evaluated whether integrin trafficking was important for
TF-FVIIa signaling. Small GTPases control cell surface availability
and internalization of integrins. In particular, arf6 control of

integrin b1 has been shown to regulate cell signaling pathways
relevant for cancer progression and angiogenesis.48,49 In addition,
we recently showed that arf6 regulated by integrin a4b1 in
lipopolysaccharide-stimulated macrophages controls cell surface
availability of TF for incorporation into microvesicles.50 We used
2 small-molecule compounds to investigate the role of arf6-
regulated integrin trafficking in cancer cell TF signaling. QS11
is a cell-permeable purine derivative that increases endogenous
arf1- and arf6-guanosine triphosphate levels and hence increases
arf6 activity, whereas secinH3 (SH3) inhibits the arf6-guanine
nucleotide exchange factor cytohesin causing accumulation of
nonactive arf6-guanosine diphosphate.51,52 Cytohesin-1 inhibition
with SH3 leads specifically to arf6, but not arf1, blockade.
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of HaCaT cells stimulated with FVIIa wt and E26A determined by fluorescence-activated cell sorting (FACS) analysis (n 5 7). **P , .01, one-way ANOVA. (I) Confocal imag-
ing of HaCaT cells incubated with 10 nM FVIIa wt and E26A, respectively, in the presence of TS2/16-Alexa 647 conjugate (5 mg/mL). Cells were stained for early endosomes
with aEEA1-Alexa488 (5 mg/mL) and nuclei (Hoechst, 1 mg/mL) after fixation. Scale bar 5 10 mm. MFI, mean fluorescence intensity; n.s. not significant.
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FVIIa detection after 5 minutes with fluorophore-labeled antibody
12C7 in HaCaT cells showed that FVIIa was similarly expressed
on the cell surface irrespective of inhibitor pretreatment for
120 minutes. However, FVIIa appeared after 30 minutes of in-
cubation in EEA1-positive early endosome in control and QS11-
treated cells (Figure 5A). Although some residual cell surface FVIIa
was detected in the control cells, FVIIa seemed to be more in-
ternalized in cells pretreated with arf6 stimulator QS11. In sharp
contrast, incubationwith the inhibitor SH3prevented internalization
and caused retention of FVIIa on the cell surface (Figure 5A).
Pretreatment of HaCaT cells with these inhibitors did not impair
FVIIa-induced co-immunoprecipitation of TF with integrin b1
(Figure 5B), confirming cell surface availability of the receptors.
Consistent with the observed cell surface localization of FVIIa, TF-
FVIIa–mediated FX activation was reduced in QS11-treated cells
relative to control cells, but significantly increased after inhibition of
arf6 with SH3 (Figure 5C). Similarly, cell surface localization of FVIIa
determined by staining after fixation was significantly elevated
in SH3-treated MDA-MB-231mfp cancer cells relative to control
(Figure 5D-E), and SH3 increased FXa generation (Figure 5F).

Remarkably, despite increased cell surface availability of TF-FVIIa
in HaCaT cells, SH3 prevented TF-FVIIa–mediated induction of
ERK phosphorylation and of IL-8, supporting our hypothesis that
intracellular trafficking to early endosomes is key for productive

TF-FVIIa proangiogenic signaling (Figure 5G-H). Cell signaling
induced by PAR2 agonist SLIGRL was not affected by pre-
incubation with SH3 or QS11, demonstrating that inhibitors did
not reduce PAR2 receptor availability and activity. Additional
control experiments showed that after incubation with FVIIa for
30 minutes, abundant TF and integrin b1 remained on the cell
surface and were detected by confocal microscopy (Figure 5I) or
flow cytometry (Figure 5J), consistent with binding studies dem-
onstrating that large pools of cell surface TF saturate slowly with
FVIIa.53 With blocking antibodies to EPCR, we also excluded that
EPCR served as the receptor for FVIIa-induced IL-8 upregulation
(anti-EPCR, 1496 3.6-6 0.3-fold; control, 3.3-6 1.2-fold induction
over unstimulated cells). Thus, the integrin trafficking regulator
arf6 controls cell surface availability and internalization of TF-FVIIa,
and arf6 function is required for TF-FVIIa cell signaling activity.

We next investigated whether this pathway is also relevant in
other tumor cells. Melanoma cells are known to depend on TF
for metastasis54 and primary tumor growth.10 As seenwith HaCaT
keratinocytes, stimulation with FVIIa induced time-dependent
complex formation of TF specifically with the active conformer of
integrin b1 in A7 melanoma cells transduced with TF and PAR2
(Figure 6A), and FVIIa E26A showedmarkedly reduced induction
of TF-integrin complex formation (Figure 6B) and consequently
upregulation of IL-8 mRNA (Figure 6C).
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We next transduced A7 melanoma cells with TF, PAR2, and HA-
tagged arf6 wt, constitutively active Q67L or dominant negative
T27N55 (Figure 6D). Overexpression of arf6 or mutants did not
alter total levels of co-transduced TF or integrin b1 detected in

cell lysates. However, cell surface TF expression detected by
fluorescence-activated cell sorting was significantly higher in cells
transduced with dominant negative arf6 T27N in comparison with
constitutively active arf6 Q67L (Figure 6E). Consistent with data
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obtained with pharmacologic inhibitors, dominant negative arf6
resulted in increased cell-surface TF-FVIIa activation of FX,
pointing to reduced internalization of TF-FVIIa (Figure 6F). Con-
versely, FVIIa induction of IL-8 was significantly reduced in A7 cells
expressing the dominant negative arf6 mutant relative to wt,
whereas the direct PAR2 agonist SLIGRL induced IL-8 indepen-
dent of arf6 activity (Figure 6G). Constitutively active arf6 was
undistinguishable from wt in all assays, probably reflecting in-
creased endogenous arf6 activity in cancer cells that are known to
upregulate arf6 expression.49,56

TF-FVIIa signaling also stimulates cell migration of cancer and
melanoma cells.1,57 Additional studies with highly metastatic
M24met melanoma cells with TF signaling-dependent tumor
growth properties in vivo10 showed that FVIIa-stimulated migra-
tion was reduced by the arf6 inhibitor SH3 (Figure 6H). In addition,
only FVIIa wt, but not the integrin-binding defective mutant FVIIa
E26A, stimulated melanoma cell migration (Figure 6I). Thus,
integrin interaction and arf6-dependent trafficking to endosomal
compartments are key events in TF-FVIIa proangiogenic and
promigratory signaling.

Discussion
It is increasingly recognized that TF and its associated prote-
ases assemble in multireceptor complexes (eg, with EPCR and
integrins) to elicit cell-signaling events in innate immune
defense,9,58 angiogenesis,14,59 vascular inflammation,60 and
cancer progression.18,28 Optimal therapeutic targeting of these
pleiotropic roles of the TF pathway requires an understanding
of the underlying molecular and cellular mechanisms that
determine TF signaling specificity. We previously showed that
signaling of the TF-FVIIa binary complex can be selectively
targeted with minimal effects on the hemostatic function of TF
by interrupting the complex formation of TF with integrins.10 In
this study, we identified the molecular basis that governs the
association of the TF-FVIIa complex with integrin b1 and
demonstrated that this interaction is crucial for proangiogenic
signaling of TF in keratinocytes and cancer cells.

We showed that FVIIa induces proangiogenic IL-8 induction
independent of matriptase function or expression. FVIIa pro-
motes an association of TF with integrin b1 that is preferentially
immunoprecipitated by an antibody that recognizes the active
conformation. Consistent with prior data demonstrating un-
altered internalization in the absence of the TF cytoplasmic
domain,4,61 TF-FVIIa association with integrin b1 was indepen-
dent of the TF cytoplasmic domain. The TF cytoplasmic domain
was nevertheless required for proangiogenic IL-8 induction,
consistent with in vivo evidence for a cooperation of PAR2
and TF cytoplasmic domain signaling in tumor- and obesity-
promoting cell signaling.13,18 Proangiogenic IL-8 induction was
MAP kinase–, ERK-, and PI3 kinase–dependent, and TF co-
immunoprecipitation of the regulatory subunit of PI3 kinase
was abolished upon deletion of the TF cytoplasmic domain,
which implicates this domain in the recruitment of PI3 kinase to
the TF signaling complex. Although certain signaling events
downstream of TF-FVIIa are independent of the TF cytoplasmic
domain,62,63 our data emphasize that tumor-promoting pathways

of migration and proangiogenic cytokine induction22,23,64,65 are
critically dependent on the TF intracellular domain.

FVIIa induces the internalization of integrin b1 recognized by
the activation-specific antibody TS2/16, which leads to co-
localization of both proteins in endosomes. Mutation of the
KGE integrin-binding site in FVIIa markedly diminished co-
immunoprecipitation with TS2/16-recognized integrin b1, re-
duced integrin internalization, and attenuated proangiogenic
IL-8 induction without measurable impairment of cell surface
PAR2 cleavage. Unlike the peptide PAR2 agonist SLIGRL or the
soluble protease trypsin, FVIIa promoted delayed ERK phos-
phorylation that was significantly reduced upon mutation of the
FVIIa integrin-binding motif. Taken together, the data indicate
that integrin association and endosomal translocation of TF-
FVIIa triggers delayed ERK signaling that is required for the
induction of proangiogenic cytokines.

TF-FVIIa internalization surprisingly also required the integrin-
regulating small GTPase arf6.66,67 Pharmacologic blockade of
arf6 had no effect on FVIIa-induced TF association with integrins,
which indicates unaltered physical interaction of the TF-FVIIa
complex with integrin on the cell surface. However, pharmaco-
logic arf6 inhibition or transfection with the dominant negative
arf6 T27N substantially reduced proangiogenic IL-8 induction,
while increasing cell surface availability of TF-FVIIa capable of
activating the procoagulant substrate FX. Blockade of arf6 also
attenuated FVIIa-induced cellmigration that required the integrin-
binding site of FVIIa. Taken together, our data identify the mo-
lecular basis for TF-FVIIa association with integrin and a crucial
downstream signaling pathway that controls TF cell surface
availability and internalization.
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