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Tissue factor pathway inhibitor (TFPI) is a physiological inhibitor of the tissue factor (TF)-initiated coagulation pathway.
Both circulating and tumor cell-associated TFPI significantly reduce tumor cell-induced coagulation activation and lung
metastasis. However, the significance of endothelial cell-anchored TFPI in cancer biology remains largely unexplored. We
generatedmice with full-length disruption of TFPI (including TFPIa and TFPIb isoforms) in endothelial cells, using a Cre-LoxP
system and gene inactivation (GI) strategy. Experimental pulmonary tumormetastasismodels were usedwith TFPI-deficient
mice to evaluate the roleof endothelial cell-anchored TFPI in cancer progression. Finally, lungmicrovascular permeability and
microenvironment were investigated. TFPI-deficient mice were viable and fertile, and showed decreased plasma TFPI levels
and lung TFPI levels as compared with their control littermates. TFPI deficiency in endothelial cells promoted pulmonary
tumormetastasiswith an increasedvascular permeability andaltered lungmicroenvironment.Ourobservations suggest that
endothelial cell-anchored TFPI controls lung tumormetastasis,and does so largely through the inhibition of local TF-induced
thrombin generation and the regulation of the lung microenvironment in mice. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Tissue factor pathway inhibitor (TFPI) is the natural
inhibitor of the tissue factor (TF) coagulant pathway,
and contains an acidic amino terminus, three tandem
Kunitz-type domains (KD1, KD2, KD3), and a highly
basic, positively charged carboxyl terminus (C termi-
nus) [1]. The KD1 binds and inhibits the TF/VIIa
complex, and the KD2 binds and inhibits factor Xa.
The KD3 domain is not involved in the protease
inhibitory activity, but coupling with protein S
directly helps the TF-independent inhibitory effect
of factor Xa by TFPI [2–4]. The C terminus is
responsible for cell membrane anchoring [5,6]. Fur-
thermore, the functions of TFPI extend beyond its
anti-coagulant role, and participate in different
aspects of vascular biology. TFPI interferes with
endothelial cell migration in a TF-independent
manner [7]. The C terminus independently displays
anti-inflammatory, anti-angiogenic, and anti-tumor
properties [8,9]. The functional importance of TFPI is
confirmed in that no human subject or patient with
TFPI deficiency has been identified. Systemic homo-
zygotic deletion of KD1 of the TFPI gene results in
intrauterine lethality in mice [10,11].
The dominant source of TFPI is thought to be the

microvascular endothelium. The two main isoforms
of TFPI, TFPIa and TFPIb, have been reported, which
differ in their domain structure, manner for cell

surface attachment and more importantly, in poten-
tial function. Approximately, 95% of mature TFPI
produced by endothelial cells remains at the cell
surface as a glycosyl-phosphatidylinositol (GPI)-an-
chored protein with a small portion (TFPIa) released
into the plasma (70ng/ml) [6,12,13]. The localization
of TFPI expression and its role in development
highlights the physiological importance of anchored
TFPI, suggesting that TFPI anchoring contributes to
the integrity of the vascular endothelia or the
microvasculature [14,15].

The hemostatic components and cancer cells are
inter-crossed in multiple ways. While hemostatic
factors play a role in tumor progression, cancer cells
can activate the coagulation system. TF is the primary
cellular initiator of blood coagulation and is a
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modulator of angiogenesis and metastasis in cancer.
Studies have shown that TF is highly expressed in
many tumor cell types, including glioma, non-small
cell lung cancer, pancreatic cancer, colorectal cancer,
and ovarian cancer [16–20] and is involved in tumor-
associated hypercoagulability, and in promoting
tumor angiogenesis and metastasis. The level of TF
expression in tumor tissues correlates with the
histological grade of the malignancy and vasculari-
ty [21]. TFPI is involved in cancer biology through
both TF-dependent and TF-independent path-
ways [8,22]. Studies show that over-expression of
TFPI in breast cancer cell-lines induces apoptosis,
whereas down-regulation of TFPI was associated with
increased self-sustained cell growth [23,24]. It has
previously been reported that intravenous injection
of recombinant TFPI resulted in reducedmetastasis in
murine models [25]. TFPI is also expressed in breast,
pancreatic, and colorectal cancer cells, suggesting
that in the tumor microenvironment, TFPI may
facilitate the growth of tumor cells or prevent intra-
tumor vessel auto-coagulation [26,27]. However, no
direct data are available regarding the physiological
roles of endothelial-anchored TFPI in cancer biology.

To further determine the physiological role of
endothelial anchored TFPI, we used the Cre-Loxp
system and a gene inactivation strategy to generate
mice with the full-length TFPI knockout (including
TFPIa and TFPIb, and theoretical expression of only
99 bp of exon 2 encoding the signal peptide and N
terminus domains). Our data showed that TFPI
conditional knockout (CKO) in murine endothelial
cells resulted in defects of vascular endothelia in the
lung, which promoted pulmonary metastasis.

MATERIALS AND METHODS

Generation of Floxed TFPI Mice

The Institutional Animal Care and Use Committee
of Fudan University, China approved all protocols.
Conditional knockout of TFPI in a cell type-specific
manner was accomplished using a Cre recombinase-
mediated unidirectional DNA inversion strategy [28].
Insertion of a reversed “flipflox” vector, consisting of
a gene inactivation cassette (GI) and an internal
ribosome entry site (IRES)-GFP reporter, into intron 3
of TFPI, was transcriptionally silent and did not affect
TFPI expression. Crossing with ubiquitous or lineage-
specific Cre recombinase permanently inverted the
inserted GI cassette and blocked full-length TFPI
transcription (Figure 1A). A conditional targeting
vector (pDualve) was used, and twohomologous arms
were obtained by homologous recombination in
bacteria [29]. The final targeting vector contained
the 50arm (5012 bp), the 30arm (3520 bp), and the GI
cassette (2584bp), which was flanked by two mutant
loxP (mloxP) sites [30], a Frt floxed neo-positive
selection cassette (3520bp) and a thymidine
kinase (TK)-negative selection cassette (5810bp).

The construct was linearized and electroporated
into SCR012 PluriStem 129/S6murine ES cells. Clones
carrying the construct were identified by long range
PCR (LR-PCR) after positive and negative selection.
The set of primers were P1, 50-GGGCCGCAGAGAT-
GACTAGGCTGTTA-30; P2, 50-TCGATCCTCTA-
GAGCGGCCATCATAA-30 for the 50arm; and P3, 50-
CTGAGCCCAGAAAGCGAAGGA-30; P4, 50-GGCCAA-
TTATTGTTAACTTATCC-30 for the 30arm (Figure 1B).
Removal of the pGK-NEO cassette was accom-

plished by crossing the homozygous TFPI floxed
(TFPIfl/fl) mice with the neo selection cassette, and
129S4/SvJaeSor-Gt (ROSA) 26Sortm1(FLP1) Dym/J (Jack-
son Laboratory, Bar Harbor, ME). The resulting TFPIfl/
þ mice were serially backcrossed to the C57BL/6J
strain for four generations (F4), and intercrosses of
these F4 animals were used in subsequent experi-
ments. The following sets of primers were used for
analysis of Neo and FLP sequences: Neo-F, 50-
AATGCTCTTTGGAGGCCATGATTCAG-30; Neo-R,
50-TGACTAGGCCATCTGATACA-30; FLP-F, 50-CACT-
GATATTGTAAGTAGTTTGC-30, and FLP-R, 50-
CTAGTGCGAAGTAGTGATCAGG-30. All these proce-
dures were carried out in Shanghai Biomodel Organ-
ism Science & Technology Development Co.,Ltd.

Generation of Mice With a TFPI Conditional Knockout

To generate mice with an endothelial-specific
disruption of TFPI, homozygous TFPI floxed mice
were crossed with B6.Cg-Tg(Tek-cre) 12Flv/J mice
(Tek-Cre) that were obtained from The Jackson
Laboratory [31,32]. The resulting offspring were
backcrossed to TFPI floxed homozygosity and main-
tained the Tek-Cre transgene.

RT-PCR to Determine TFPI Transcriptional Silencing

The identification of TFPI transcriptional silencing
was performed by RT-PCR using three primers:P8, 50-
TCTGTTGCTTAGCCTTGTTCCCGAGTT-30; P9, 50-GA-
CAAACGCACACCGGCCTTATTCCAA-30; P10, 50-AG
GCCGGTGTTCTTCAGGATCTGCTTG-30 (Figure 1C).
P8 was in Exon 3, while P9 and P10 were in the
sequences of IRES andGFP, respectively. These primers
were intentionally designed to determine whether
TFPI mRNA was transcriptionally silent.

PCR Genotyping of Targeted Mice

Three primers were used for genotyping the off-
spring: P5, 50-TCTTCCTGTTGTCTGGGACATCCTG-
30; P6, 50-AATGCTCTTTGGAGGCCATGATTCAG-30;
P7, 50-GCCAGACACCTTTAATCCCAGCAC-30. Both
P5 and P7 were in intron 3, while P6 was in the GI
cassette. The set of primers was used to determine
whether the GI cassette existed or not. To detect the
Tek-cre transgene, we used the primers: Tek-cre-F,
50-GGCTGTGGAATCTGGTCTCTAGTGGC, and Tek-
cre-R, 50-CGAACATCTTCAGGTTCTGCGGGAAA-30

(Figure 1D).
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Quantitative Real-Time PCR (qPCR)

To analyze the gene expression levels, total RNA of
different tissues was isolated using the RNeasy fibrous
tissue mini kit (Qiagen, Germantown, MD), and
cDNA was synthesized using reverse transcriptase
(Takara, Tokyo, Japan). qPCR was conducted using
SYBR green (Applied Biosystems, Darmstadt,
Germany). The data were collected using the
ABI7500 system (Applied Biosystems). Result analyses

were performed using the 2�44CT Method. Primers of
TFPI (designed for transcript 1, NM_011576.1, and
transcript 2, NM_001177319.1) and GAPDH (endoge-
nous control) are as follows: TFPI-F, 50-
TCTGTTGCTTAGCCTTGTTCCCGA-30, and TFPI-R,
50-TGCTTTGCATGGACCATCATCTGC-30; GAPDH-F,
50-TGTCGTGGAGTCTACTGGTGTCTT-30, and
GAPDH-R, 50-TTCTCGTGGTTCACACCCATCACA-30.
All qPCR primers in this study were listed in the
supplementary Table 1.

Figure 1. TFPI conditional knockout strategy and genotyping. (A)
The final targeting vector contains a 50arm, a 30arm, and a GI cassette
flanked by two mutant loxP (mloxP) sites, and a Frt floxed neo-positive
selection cassette and a thymidine kinase (TK)-negative selection
cassette. The targeting vector was linearized and electroporated into
SCR012 PluriStem129/S6Murine ES cells. After deletion of PGK-neo by
breeding TFPIfl mice with FRT mice, TFPIfl/fl mice were crossed with

lineage-specific Cre recombinase, which led to a permanently inverted
GI cassette and blocking of the full-length TFPI expression. (B) Targeted
129/S6 murine ES cells and founders were identified by using long-
range PCR. (C) RT-PCR was used to determine transcriptional silencing
of TFPI. (D) PCR genotyping of the offspring derived from crossing
TFPIfl/fl mice with FRT mice or TFPIfl/þ/Tek mice.
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Enzyme-Linked Immunosorbent Assay (ELISA)

Blood was collected via cheek pouch puncture into
a tube containing 0.1M sodium citrate (one-tenth the
volume of blood collected), which was centrifuged at
8000g for 15min at 48C, and the resulting plasma was
isolated and frozen at �808C until analysis. Plasma
concentrations of TFPI (E0394Mu; USCN Life Science,
Wuhan, Hubei, PRC) and thrombin-antithrombin
(TAT) complex (KA1857; Abnova, Taipei City,
Taiwan) were measured using ELISA assay kits
following the manufacturer’s instructions.

Blood Analysis

Plasma specimens were analyzed within 2h of
collection for prothrombin time (PT), thrombin time
(TT), activated partial thrombin time (APTT). Sysmex
CA1500 (Sysmex Corporation, Kobe, Japan) was used
for this analysis according to the manufacturer’s
protocols.

Western Blotting

Mouse lungs were homogenized in 1ml RIPA buffer
(Cell Signal, Beverly, MA) containing complete
proteinase inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland) and protein concentrations were
measured using the Bio-Rad Bradford protein assay
(Bio-Rad, Hercules, CA). Signals were detected with
rabbit polyclonal anti-TFPI (sc-28862; 1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA) overnight at
48C, followed by incubation with the appropriate
secondary antibody. An ECLTMWestern blot analysis
system (GE Healthcare Life Sciences, Pittsburgh, PA)
was used to detect the bands according to the
protocols. Densitometry was done, and normalized
to b-tubulin protein expression levels.

Experimental Pulmonary Tumor Metastasis

Groups of five mice with different genotypes were
inoculated with 1�105 B16 melanoma cells (ATCC)
via the tail vein. Then, 12–14d later, the lungs were
removed, and the number of pulmonary colonies was
counted under a dissecting microscope [33]. Groups
of fivemicewith different genotypeswere injected s.c.
into the left flanks with 1�106 Lewis lung carcinoma
cells (LLC, ATCC). These s.c. tumors were removed
surgically 3wk after the tumor implantation, when
the size of the tumors reached 1–1.5 cm in the longest
diameter. Threeweeks after surgical removal of the s.c.
tumors, the mice were sacrificed, and their lung
tissues were examined. Pulmonary metastatic burden
was assessed by counting surface pulmonary tumors
under a dissecting microscope [34].

Plasma TAT, Fibrinogen Levels, and Platelet Count Before
and After B16 Melanoma Cell Injection

Six- to eight-wk-old TFPIfl/fl/Tek mice and TFPIfl/fl

were randomly appointed to three groups, respective-
ly (n¼5–6 in each group). Plasma TAT, fibrinogen

levels, and platelet count before (0h) and after B16
melanoma cell injection (1 and 2h) were determined.
Plasma concentrations of thrombin-antithrombin
(TAT) complex were measured using ELISA assay
kits following the manufacturer’s instructions. Sys-
mex CA1500 (Sysmex Corporation, Kobe, Japan) was
used for analysis of plasma fibrinogen according to
the manufacturer’s protocols. Platelet counts were
analyzed utilizing automated hematology analyzers
(LH 780; Beckman Coulter, CA).

Adenovirus Infection

The recombinant adenovirus AdTFPI (AH806099;
ViGene Biosciences, Inc., Rockville, MD), expressing
TFPI, was used to recover the expression of TFPI, with
Green fluorescent protein (GFP)-expressing adenovi-
rus, AdGFP (ViGene Biosciences, Inc.) as the negative
control. Six- to eight-wk-old TFPIfl/fl/Tek mice were
randomly appointed to three groups: Group 1 (n¼6)
wasmock infectedwith 1�109 infective units (IFU) of
AdGFP per mouse in 200 of saline by intravenous
injection into the tail vein. Group 2 (n¼6) andGroup
3 (n¼7) received the same IFU of AdTFPI. Three days
later, all groups were inoculated with 1.5�105 B16
melanoma cells via the tail vein. Group 1 andGroup 2
were treated with AdGFP and Group 3 with AdTFPI at
4 days postinjection (dpi). All themice were sacrificed
and the lung samples were collected at 16 dpi. The
number of pulmonary colonies was counted under a
dissecting microscope. Tumor and lung tissues were
harvested from each group for HE staining. In
addition, we examined the expression of AdGFP
and AdTFPI of B16 melanoma cells in culture (see
supplementary Figure S5).

Evans Blue Microvascular Permeability

Pulmonary microvascular permeability was mea-
sured using a modification of the Evan’s blue dye
extravasation technique [35].

Transmission Electron Microscopy (TEM)

TEM of lung tissues was performed according to
routine procedures. Briefly, the tissues were fixed
(2.5% glutaraldehydeþ3% paraformaldehyde) in
0.1M PB (pH 7.4), and then washed three times in
0.1M PB and post-fixed in 1% OsO4, followed by
washing with 0.1M sodium cacodylate and then
distilled-deionized water. The tissues were then
dehydrated by sequential washings in 25%, 50%,
75%, and 100% ethanol, and then embedded in epon
812 (ElectronMicroscopic Sciences, FortWashington,
PA). The ultrathin sections (70nm) were stained with
uranyl acetate and lead citrate and examined with a
TEM (JEM-1200EX, Tokyo, Japan).

Immunohistochemistry

Dissected lungs were fixed in 4% paraformaldehyde
(PFA) in PBS overnight at 48C and then embedded in
paraffin. Next, 4–6mm thick sections were cut and
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processed for immunohistochemical analysis. Anti-
gen retrieval was performed on paraffin-embedded
sections by heating in pH 6.0 citrate buffer for 20min.
The primary antibodies for TFPI (sc-18712; 1:100;
Santa Cruz Biotechnology, Santa Cruz, CA), TF (sc-
23596; 1:100; Santa Cruz Biotechnology), TFPI-2
(#186747; 1:200; Abcam, Cambridge, MA), VEGF
(AF-493-NA; 1:250; R&D Systems, CA), VEGFR2
(#14-5821-82; 1:200; eBioscience, San Diego, CA),
were used for 30min, and the secondary antibody and
DAB staining kit were used as described in the product
manual (DAKOCytomation,Carpinteria, CA). Images
of four representative fields were captured and
integrated optical density (IOD) (pixels) was mea-
sured by Image-Pro v6.0 software (Media Cybernetics,
Bethesda, MD).

Statistical Analysis

All experimental values are presented as the mean
� SEM. Statistical significance of the data was deter-
mined by the two-tailed Student’s t-test. A P-value of
<0.05 was considered significant.

RESULTS

Generation of Mice With Endothelial-Specific Disruption
of TFPI

Traditional and conditional knockout methods
have been utilized to generation of mice with the
TFPI gene deletion. Two kinds of TFPI knockouts have
been reported [10,11]. However, both of them have
only deleted Kunize Domain 1 (KD1), which leads to a
TFPI protein without KD1, but with KD2, KD3, and
the C terminus domains intact, which are normally
expressed and functional on the surface of endotheli-
al cells.
To elucidate the physiological function of TFPI that

is located on the surface of vascular endothelia, we
designed and generated mice with full-length TFPI
knockout using the Cre/loxP system and gene
inactivation (GI) strategy. The system uses two
mutant loxP sites and when Cre recombinase is
present, the inserted GI cassette will be inverted.
Therefore, this generates a disrupted TFPI transcript
that only contains the sequence of the exon 2 that
encodes the signal peptide and N-terminal domain,
which is 33 amino acids and expresses the GFP from
an inserted GI cassette (Figure 1A).
Targeted 129/S6 murine ES cells and founders were

screened and determined by long-range PCR (LR-PCR)
using primers P1, P2, P3, and P4. The PCR products of
the 30 and 50 arms were 4118bp, and 6022bp,
respectively (Figure 1B). Four chimeric male mice
derived from the microinjected mouse blastocysts
successfully transmitted the mutation to the germ-
line. These mice provided founders for subsequent
inbreeding. The NEO selection marker were deleted
after two generation crossing with mice (129S4/
SvJaeSor-Gt(ROSA) 26Sortm1(FLP1) Dym/J).

To demonstrate the efficiency of the Cre-loxP gene
targeting system for the TFPI knockout, TFPI floxed
mice were crossed with FVB/N-TgN(EIIa-cre)
C5379Lmgd/J that constitutively expressed Cre re-
combinase. All homozygous embryos carrying theCre
transgene led to intrauterine lethality (see supple-
mentary Figure S1) as reported, which suggests that
the knockout strategy used in the present study is
effective.

As mentioned above, the knockout strategy applies
the inversion of the GI cassette flanked by two loxPs.
We analyzed the efficiency of inversion by crossing
TFPI flox mice (TFPIfl) with Cre transgenic mice (Tek-
Cre, Nestin-Cre, SMA-Cre; data no shown). All TFPIfl/þ

or TFPIfl/fl carrying the Cre transgene produced an
inversion of theGI cassette. To determinewhether the
TFPI mRNA was trapped, we used RT-PCR to analyze
the mutant transcript (Figure 1C). Endothelial TFPI
conditional knockout was achieved by crossing the
TFPIfl mice with transgenic mice expressing Cre
recombinase under the control of the Tie2 promoter/
enhancer (Tek-Cre). Genotyping of the offspring was
determined by PCR (Figure 1D). Mice were indistin-
guishable from their normal littermates. Endothelial
TFPI conditional knockouts were alive and fertile.

Efficiency of TFPI Knockout in Organs and the Plasma

To evaluate the efficiency of TFPI knockout in
various organs, TFPI mRNA was determined by qPCR
using wild-type TFPI primers. TFPI mRNA levels
(containning both transcript 1 and transcript 2) in
the lung, spleen, heart, kidney, liver, and the brain of
TFPIfl/fl/Tek mice were 30.3%�4.5% (P¼0.0005),
18.8%�1.7% (P¼0.0001), 48%�8.3% (P¼0.0053),
41.6%�4.1%(P¼0.0479), 58.7%�3.6%(P¼0.0352),
and 46%�13% (P¼0.0456) of that of their TFPIfl/fl

littermates (Figure 2A), respectively. To investigate
whether TFPI decreased accordingly in the plasma, we
determined TFPI concentrations in plasma by ELISA.
Plasma TFPI concentrations of TFPIfl/fl/Tek mice were
40.2%�1.2% lower (P¼0.0006) than that of their
TFPIfl/fl littermates (Figure 2B). Expression of the TFPI
protein in the lung was analyzed byWestern blotting,
which showed that TFPI protein was 54%�8.1% of
that of control mice (P¼0.0107, Figure 2C).

Blood Analysis

Prothrombin time (PT), thrombin time (TT), acti-
vated partial thrombin time (APTT) were analyzed
using Sysmex CA1500. The results showed that PT,
TT, and APTT had no significant difference (P>0.05)
between TFPIfl/fl/Tek mice and their TFPIfl/fl litter-
mates (data no shown). In addition, we used the tail-
bleeding time to evaluate hemostasis in TFPIfl/fl/Tek
mice and their TFPIfl/fl littermates; but there was no
significant difference here (data no shown). Baseline
plasma TAT, fibrinogen levels, and platelet counts
were also evaluated for the TFPI-deficient and control
mice (See Results section and Figure 4)
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Endothelial-Specific TFPI Deficiency Exhibits Enhanced
Pulmonary Tumor Metastasis

To directly test the hypothesis that anchored TFPI is
an important determinant of metastatic potential, we
used two models of experimental pulmonary tumor
metastasis: i.e., models of B16 melanoma cells via the
tail-vein, and LLC via s.c. administration. Within
12–14d of B16 challenge, all three groups of mice
appeared active and overtly healthy. After sacrifice,
gross examination of the organs revealed multiple
organ metastases, including in the lung, heart, liver,
and the kidney, and yet there was no evidence of a
significant difference except in terms of the numbers
of tumor clones in the lungs (Figure 3A, B). The
numbers of B16 tumor clones of TFPIfl/fl/Tekmice was
4.8-fold higher than that of TFPIfl/þ/Tek (P<0.0001),
and was 5.6-fold higher than that of TFPIfl/fl mice
(P¼0.001; Figure 3C). This dramatic increase in
metastatic potential conferred by TFPI deficiency
was not limited solely to B16 melanoma cells. In the
Lewis lung murine tumor model, the control mice

and heterozygous CKO mice appeared to be healthy
3wk after surgical removal of the s.c. tumors, whereas
most of the homozygous CKOmice became distinctly
sick. LLC clones of pulmonary tumor metastases were
confluent in the lungs of TFPIfl/fl/Tekmice (Figure 3D,
E). The results showed that the number of LLC clones
of TFPIfl/fl/Tek mice was 13.1-fold higher than that of
TFPIfl/þ/Tek mice and 18.8-folds higher than that of
TFPIfl/fl (both at P<0.0001; Figure 3F). The data
derived from both mouse tumor metastases models
indicated that TFPI deficiency facilitated pulmonary
tumor metastasis through hematogenous metastasis
or the primary tumor. In addition, our observation on
the primary tumor growth of B16 and LLC suggests
that TFPI deficiency did not enhance the growth of
the tumor (data not shown).

Plasma TAT, Fibrinogen Levels, and Platelet Count Before
and After B16 Melanoma Cell Injection

To investigate the tumor cell-induced coagulopathy,
TAT, Fibrinogen, and platelet were examined before and
after tumor cell injection in endothelial TFPI-deficient

Figure 2. Decreased TFPI expression in organs and circulating TFPI in
TFPI-deficient murine plasma. (A) Detection of TFPI mRNA levels by
qPCR. Total RNA that was isolated from mouse lung, spleen, heart,
liver, kidney, and cerebrumwas subjected to qPCR analysis. TFPI mRNA
levels in the lung, spleen, heart, kidney, liver, and brain of TFPIfl/fl/Tek
mice were 30.3%, 18.8%, 48%, 41.6%, 58.7%, 46% of that of their
TFPIfl/fl littermate counterparts. Data are representative of three

independent experiments. (B) The plasma TFPI concentration of
TFPIfl/fl/Tek mice (n¼ 7) by ELSIA was 40.2% lower than that of their
TFPIfl/fl littermates (n¼ 8). (C) Detection of TFPI protein by immuno-
blotting in the mouse lung. The intensity of the bands was quantified
by densitometry. Data are representative of three independent
experiments. *P< 0.05; **P< 0.010; ***P< 0.001. Error bars indicate
SEM.
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mice and controlmice. TATplasma levels increased from
6.08�0.7ng/ml before injection to 17.5�2.27ng/ml at
2h after tumor cell injection in control mice. In TFPIfl/fl/
Tek mice, the increase was more pronounced from
8.6�2ng/ml before injection to 23.64�2.46 at 2h after
tumor cell injection. Endothelial TFPI deficiency mice
demonstrated significantly higher levels of TAT com-
pared with control mice before tumor cell injection
(P¼0.025) and at 2h after tumor cell injection
(P¼0.0035; Figure 4A). In contrast, Fibrinogen plasma
levels were significantly lower in TFPIfl/fl/Tek mice than

in control mice (Figure 4B). The fibrinogen plasma level
at0hbefore tumorcell injectionwas1.2�0.19g/L in the
TFPIfl/fl/Tek group compared with 1.7�0.27g/L in the
TFPIfl/fl group (P¼0.0103). After tumor cell injection,
the fibrinogen plasma level at 2h was 0.36�0.13g/L in
the TFPIfl/fl/Tek group compared with 0.69�0.12g/L in
the TFPIfl/fl group (P¼0.0024). As shown in Figure 4C,
platelet counts dropped from 1226�69�109/L at 0h to
866�140�109/L at 2h after the injection of B16
melanoma cells in control mice. In mice with an
endothelial TFPI deficiency, the drop in platelet count

Figure 3. TFPI deficiency in mice enhances tumor metastasis to the
lung. (A) Representative lungs with B16 metastases at 12–14d after
intravenous administration of tumor cells. (B) HE stained sections of
lung tissue revealed small metastatic foci (arrow) in the lungs of TFPIfl/
þ/Tek mice (n¼ 5) and TFPIfl/fl (n¼ 7); whereas lungs that were
harvested from TFPIfl/fl/Tek mice (n¼ 5) were largely effaced by tumor
tissue. (C) The number of surface pulmonary tumors was counted in
lung tissues. The number of tumor foci between TFPIfl/fl/Tek mice and

TFPIfl/þ/Tek mice and TFPIfl/flwere shown. (D) Representative images of
LLC clones of pulmonary tumormetastasis of three genotypedmice. (E)
HE sections showed largely involved lung tissues that were harvested
form TFPIfl/fl/Tek mice. (F) The counting results were shown between
TFPIfl/fl/Tek mice (n¼ 6), TFPIfl/þ/Tek mice (n¼ 5), and TFPIfl/fl mice
(n¼ 8). Arrow indicates tumor foci. **P< 0.01; ***P< 0.001. Scale
bar¼ 200mm. Error bars indicate SEM in (C, F).

Figure 4. Plasma TAT, fibrinogen levels, and platelet count before and after B16melanoma cell injection. TAT (A),
fibrinogen concentration (B) and platelet count (C) were determined before (0 h) and after the injection of B16
melanoma cells (1 and 2 h) in TFPIfl/fl/Tek and TFPIfl/fl mice (n¼ 5–6 in each group). *P< 0.05; **P< 0.01; Error bars
indicate SEM.
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wassignificantlymoreprofound,reachinglevelsas lowas
555�163�109/L at 2h after tumor cell injection
(P¼0.005). These data suggest that endothelial-specific
TFPI deficiency exacerbates tumor cell-induced coagul-
opathy in mice.

AdTFPI Administration Decreases Tumor Metastasis to the
Lung

To evaluate the role of TFPI in suppressing
metastasis, we used TFPI-expressing adenovirus in
experimental lung metastasis model of B16 melano-
ma cells. Three groups of TFPIfl/fl/Tek mice were
pretreated with AdGFP or AdTFPI 3d before the
injection of B16 melanoma cells. Mice in Group 3
were administrated with AdTFPI the second time
immediately after tumor cell injection. Pulmonary
metastatic foci were examined 16d later. Our results
showed that AdTFPI administration decreases tumor
metastasis to the lung in endothelial-specific TFPI
deficiency mice. The reduction in tumor burden in
mice of Group 2 and Group 3 (one treatment with
AdTFPI for Group 2 and two treatments for Group 3)
was statistically significant compared with that in
mice receiving AdGFP (P¼0.025 and P¼0.002,
respectively; Figure 5). These results suggest that
TFPI has significant anti-metastatic activity and may
do so by regulating tumor cell-induced TF-mediated
coagulation activation.

TFPI Deficiency Results in Increased Microvascular
Permeability

To determinate whether TFPI deficiency resulted in
increased microvascular permeability, a modification
of the Evans blue dye extravasation technique was
used with or without LPS (Figure 6A, B, D, and E).
Compared with their TFPIfl/fl littermates, Evans blue
extravasation in the lungs of TFPIfl/fl/Tek mice were
34%�6.7% higher (P¼0.0127; Figure 6C) without
LPS and 3.12-folds higher (P¼0.0012; Figure 6F)

when LPS was used simultaneously. There was not a
significant difference in the brain among the groups
without LPS (data not shown), but when LPS was used
to challenge with Evans blue stain, the brain
microvascular permeability of TFPIfl/fl/Tek mice
showed a 4.6-fold higher effect than that of TFPIfl/fl

mice (see supplementary Figure S2). Our data indicate
that the importance of TFPI is different in a given
organ, and further demonstrates a tissue-specific
mechanism in operation.
We further observed pulmonary microvascular

endothelial cells by transmission electronmicroscope
(TEM) for evaluation of the cell–cell junctional
integrity. Cell–cell junctions of pulmonary endothe-
lial cells in the lungs of TFPIfl/fl were tight, whereas
there was increased gap between adjacent cells in the
lungs of TFPIfl/fl/Tek mice (Figure 7). About 16%
(16/100) of the pulmonary endothelial cells of TFPIfl/
fl/Tek mice were swollen, and/or were adherent to
platelets or neutrophilic granulocytes. In addition,
the endothelial structure in mouse hearts was also
analyzed by TEM. In three genotypic mice, TFPI
deficiency had no significant effect on microvascular
endothelial cells in the hearts, which indicated that a
52% decrease at the mRNA level was insufficient to
change the integrity of endothelial cells (see supple-
mentary Figure S3).

TFPI Deficiency Leads to Changes of the Pulmonary
Microenvironment

We performed qPCR with lung tissue to examine
the transcript levels for genes that were involved in
tumor metastasis. Among the 16 genes (Figure 8) that
we analyzed, eight of them showed a significant
increase of more than twofold in the lung cDNA of
TFPIfl/fl/Tek mice, as compared with TFPIfl/fl mice.
These genes included TFPI-2 (3.6-fold), VEGF (4.3-
fold), Flk-1 (6.8-fold), MMP-2 (2.2-fold), collagen-1
(2.4-fold), E-selectin (threefold), perlecan (2.9-fold),

Figure 5. AdTFPI administration decreases tumor metastasis to the lung. (A) Representative photograph of
pulmonary metastatic foci produced 16 d after intravenous injection of B16 melanoma cells and AdGFP and/or
AdTFPI. The reduction in tumor burden in TFPIfl/fl/Tek mice receiving AdTFPI (one treatment for Group 2, n¼ 6 and
two treatments for Group 3, n¼ 7) was statistically significant compared with that in mice receiving AdGFP (Group
1, n¼ 6). (B) HE stained sections of lung tissue revealedmetastatic foci (arrow) in the lungs. Scale bar¼ 200mm. (C)
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and Lama-5 (2.4-fold). Interestingly, at the mRNA
level, TF seemed repressed. We confirmed the expres-
sion of TFPI, TF, TFPI-2, VEGF, and Flk-1 by
immunohistochemistry. Our data showed that TFPI-
2, VEGF, and Flk-1were upregulated, while TF showed
no significant difference in TFPIfl/fl/Tek mice (Fig-
ure 9). The TFPI-2 protein in lung tissue increased
about two- to threefold comparedwith control. Using
the results of immunohistochemistry, the TF/TFPI
balance was calculated. The ratio of TF/TFPI was 1.39
in lung tissue of TFPI deficiency mice if the ratio in
control mice was 1. Upregulated VEGF-A, Flk-1, and
MMP2 may offer a pulmonary microenvironment
that facilitates tumor metastasis. The survival, migra-
tion, and proliferation of endothelial cells is regulated
primarily by VEGF-A binding to VEGFR2 (Flk-1).
Tumor cell-derived VEGF can bind to VEGFR2 on
endothelial cells, thus, stimulating tumor vessel
formation. In addition, other gene tested also play
roles in cancer progress. E-selectin mediates the
adhesion of tumor cells to endothelial cells, whereas
perlecan is a potent inducer of tumor growth and
angiogenesis. Collagen-1 can enhance the injury
done to ECM by absorbing plasmin from the plasma.
The upregulated TFPI-2, which is a homolog of TFPI,
may be a compensative mechanism for TFPI

deficiency. TFPI-2 is involved in regulating pericel-
lular proteases, a strong plasmin inhibitor, through
which TFPI-2 prevents activation of MMPs. The
phenomenon that TFPI deficiency in mice led to
the repressed expression of TF, and accompanied the
enhanced expression of TFPI-2 was also observed in
mice with TFPI knockout in the smooth muscle cells,
when the smooth muscle cells were cultured in vitro
(see supplementary Figure S4). The results demon-
strate that the regulation of TFPI, TF, and TFPI-2 are
correlated not only in vivo but also in vitro,
suggesting that the coordinated balance in the
expression of the TF/TFPI axis is important for
homeostasis and in vascular biology generally.

DISCUSSION

The present study demonstrated that TFPI, the
primary inhibitor of the TF-induced coagulation
pathway, is required for the integrity of endothelium
and balanced hemostasis. TFPI deficiency enhanced
endothelial permeability in the lung, and facilitated
metastasis in a mouse model. The prometastatic
phenotype was largely dependent on the changed
pulmonary mircoenvironment and the systemic and/
or local procoagulant state. The findings suggest that

Figure 6. TFPI deficiency leads to increased pulmonary microvascular permeability. (A–C) Pulmonary
microvascular permeability was measured using a modification of the Evans blue dye extravasation technique.
Compared with their TFPIfl/fl littermates (n¼ 5), Evans blue extravasation of TFPIfl/fl/Tek mice (n¼ 5) was 34%
higher. (D–F) Pulmonary microvascular permeability was also evaluated by simultaneous administration of Evans
blue stain, and LPS. Evans blue extravasation of TFPIfl/fl/Tek mice (n¼ 5) was 3.12-fold higher than that of TFPIfl/fl

littermates (n¼ 5). *P< 0.05; **P< 0.01. Error bars indicate SEM in (C, F).
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the dominant mechanism by which the endothelial
cell-anchored TFPI controls the metastatic potential
of tumors is predominantly by regulation of local TF-
initiated thrombin generation.

To test the hypothesis that endothelial cell-
anchored TFPI is a primary determinant of malignan-
cy, we generated mice with the full-length disruption

of TFPI (without the KD1, KD2, KD3, and C terminus
domains). Studies on TFPI gene disruption in mice
have shown that systemic homozygotic deletion of
KD1 of TFPI results in intrauterine lethality [10,11],
which was also observed in TFPI null embryos in our
study (see supplemental Figure S1). The intrauterine
lethality is likely due to unregulated TF/FVIIa activity

Figure 7. TEM images displayed endothelial cell–cell junctional integrity in the mouse lung. (A, C) The cell–cell
junctions of pulmonary endothelial cells of the lungs of TFPIfl/fl (n¼ 3) were tight. (B, D) By contrast, cell–cell
junctions appeared to have increased gaps between adjacent cells in the lungs of TFPIfl/fl/Tek mice (n¼ 4). *Indicate
enlarged areas in A and B. Arrow: cell–cell junctions. L: vascular lumen. E: endothelial cells. Ep: epithelial cells. Red
arrow: swollen epithelial cell. Scale bar¼ 1mm (A, B), 2mm (C, D).

Figure 8. Expression of genes associatedwith the pro-metastastic phenotype in the lung. (A) qPCR quantified the
expression of genes inmouse tissue of the lung . “*” showed a twofold change (or more) with P< 0.05. Eight of 16
genes showed a significant increase of more than twofold in the lung of cDNA species of TFPIfl/fl/Tek mice vs. TFPIfl/fl

mice. These genes included TFPI-2,VEGF, Flk-1, MMP 2, collagen-1, E-selectin, perlecan, and Lama-5. Data are
representative of three independent experiments. Error bars indicate SEM.
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Figure 9. Immunohistochemical analysis of lung sections. TFPI, TF,
TFPI-2, VEGF, and Flk-1 of lung tissues were detected by immunohis-
tochemitry staining in TFPI-deficient and control mice. The statistic
anyalysis of integrated optical density (IOD) was shown on the right. (A)
TFPI knockout in the vascular endothelium did not affect the TFPI
expression by alveolar epithelial cell (red arrow), but microvascular
endothelia (black arrow) in TFPI-deficient mice demonstrated weaker

positive staining than in control mice. (B–E)When TFPI was disrupted in
endothelia cells, TF did not show significant difference, whereas TFPI-2,
VEGF, and Flk-1 were upregulated, compared with that of the control
mice. Data are representative of three independent experiments.
*P< 0.05; **P< 0.01; ***P< 0.001. Scale bar¼ 20mm. Error bars
indicate SEM.
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and a consequent consumptive coagulopathy. Dis-
ruption of the murine TF gene also results in
embryonic lethality [36]. TF-null embryos were
rescued by expression of low levels of human TF
from a transgene expression system [37]. Rescued
mice with <1% of wild-type levels have shorter
lifespans as compared with control mice, and this is
partly due to fatal lung hemorrhage [38]. Extended
study showed that low levels of TF rescue TFPI�/�

embryos from embryonic lethality, and generates
viable adult mice, and does not affect uterine
hemostasis or cardiac fibrosis. These results indicate
that the correct homeostatic TF/TFPI balance is
essential for embryonic development and hemostasis
in adult mice [39]. In addition, low-level FVII
deficiency also rescued the embryonic lethality of
TFPI homogenous embryos. However, neonates died
shortly after birth due to FVII deficiency [40], suggest-
ing that the physiological role of TFPI is predomi-
nantly associated with TF/FVIIa activity.

One potentialmechanismbywhich TFPI deficiency
could support tumor metastasis is by increased
generation of TF-initiated thrombin synthesis. Our
blood analysis studies and tests of tail bleeding time
pointed out no difference between TFPIfl/fl/Tek
mice and their control littermates, with the notable
exception of fibrinogen (Fg). The 28% decrease of Fg
(Figure 4B; 0h) reflected the increased thrombin
activity and/or over-activation of fibrinolysis [41].
The increased thrombin activity was confirmed by a
49.4% increase of TAT (Fgiure 4A; 0h). Combined
with the observation that the plasma TFPI concentra-
tion of TFPIfl/fl/Tekmice was 40.2% lower than that of
controls, the hemostasis in the TFPI-deficient mice
was altered to a prothrombotic phenotype. The
prothrombotic state observed in the TFPIfl/fl/Tek
mice was similar to other anti-coagulant deficient
mice. Thrombomodulin (TM)-deficient mice (TMPro)
expressing a mutant form of TM that reduces both
thrombin binding affinity and thrombin-mediated
protein C activation, was associated with increased
intravascular fibrin deposition, and yet remained free
from overt thrombosis [42]. Studies in mice with a
severe deficiency in Protein C (1–18% of normal
controls) displayed a prothrombotic and proinflam-
matory phenotype [43]. TFPI-deficientmice exhibited
a normal life span, were fertile, and we did not find
any evidence of fibrin deposition in organs by light
microscopy. These findings indicate that the anti-
coagulant deficiency causes a similar phenotype, but
the severity might be different. TFPI, TM, and Protein
C regulate the TF/Thrombin coagulation axis at
different phases of activation. For example, TFPI is
responsive to the inhibition of the initiating phase by
regulating TF/FVIIa and prothrombinase activity,
which blocks thrombin generation. Thrombin in-
volvement in cancer biology is well documented.
Thrombin-activated tumor cells enhance adhesion to
platelets, and endothelial cells [44,45]. Thrombin

enhances tumor cell development andmetastasis, cell
growth and angiogenesis [46]. Experimental pulmo-
nary metastasis is promoted by the thrombin-activat-
ed PAR-1 pathway in tumor cells [47]. Therefore,
unfettered thrombin activity in TFPIfl/fl/Tekmicemay
facilitate tumor metastasis, as seen in TMPro

mice [48,49]. However, the low plasma levels of
TFPI found in abetalipoproteinemic patients are due
to a lack of low density lipoprotein (LDL), a carrier of
TFPI, and yet show similar total TFPI levels in the
plasma as do normal individuals after heparin
infusion. These patients do not appear to have an
increased risk of thrombosis, suggesting that an-
chored TFPI plays an important role in the regulation
of hemostasis [50] and cancer progression. Our data
on Plasma TAT, fibrinogen levels and platelet count
before and after tumor cell injection, and the rescue
experiment with the recombinant adenovirus AdTFPI
indicate that TFPI has significant anti-metastatic
activity and may do so by regulating tumor cell-
induced TF-mediated coagulation activation.
Increased thrombin activity and fibrinolysis in

TFPIfl/fl/Tekmice would be expected to alter or disrupt
the endothelial barrier function, considering that
most of the TFPI is positioned on the surface of
endothelial cells. Increased vascular permeability
drives inflammatory cell infiltration, tumor cell
extravasation, and angiogenesis [51]. The finding
that the pulmonary microvascular permeability of
TFPIfl/fl/Tek mice was 34% higher than control
littermates indicates that vascular endothelia were
injured. This abnormality was confirmed by trans-
mission electron microscopy with defects in cell–cell
junctions. Additionally, 16% of endothelial cells were
swollen, or adhered to the platelets or neutrophils,
suggesting that spontaneous microthrombosis might
occur at low levels in the context of unbalanced TF/
TFPI activities, and the lung being the second TF-rich
tissue in mice [52].
Increased microvascular permeability in the lung

might be caused by protease attack. Our data
demonstrated that MMP-1, MMP-2, and MMP-9
were upregulated at the mRNA level in the lungs of
TFPIfl/fl/Tek mice, which suggested the existence of
increased fibrinolysis. Plasmin regulates tumor
growth and metastasis by the activation of matrix
metalloproteases (MMPs). In addition, plasmin can
directly break down cell–cell junction proteins like
fibronectin, leading to a defect in cell–cell junction or
increased microvascular permeability. Interestingly,
we observed that TFPI knockout in vascular smooth
muscle cells in TFPIfl/fl/SMA mice was also accompa-
nied by decreased TF mRNA levels with upregulated
TFPI-2, a homolog of TFPI (see supplementary
Figure S4). TFPI-2 serves as a plasmin inhibitor, and
thus, plays a major role in endothelial cell matrix
(ECM) degradation and remodeling by preventing
activation of MMPs. Enhanced expression of TFPI-2
might represent a key compensative mechanism in
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the deficiency of TFPI. These data suggest an
inhibitory role of TFPI for plasmin in vivo, although
controversial results were reported. Some data
showed TFPI having a weak inhibitory effect on
plasmin [53,54]. A few findings revealed that at high
concentrations of plasmin, degradationof TFPI on the
cell surface in vitro was possible [55,56].
TF antigen expression was confirmed by immuno-

histochemistry, and TF levels showed not signifcant
difference in the TFPIfl/fl/Tek mice as compared with
their control littermates. However, the mRNA levels
of TF were down-regulated. We observed down-
regulation of TF at the mRNA level in our TFPI
knockouts of vascular smooth muscle cells, wherein
TF was down-regulated by as much as 80% of the
control levels in parallel with TFPI disruption (see
supplementary Figure S4). This emphasizes the
importance of TF/TFPI balance in vascular biology.
Exacerbated TF expression will promote a prometa-
static microenvironment in the lung, and will do so
via protease-activated receptors (PARs), which are
activated by TF or the thrombin signaling pathway.
Previous studies have shown that endogenous and
recombinant TFPI regulate TF-induced PAR1, and
PAR2 signaling pathways, supporting its dual inhibi-
tory functions on the TF-triggered coagulation path-
way and TF-dependent signaling activity [57].
Another mechanism that might facilitate pulmo-

nary metastasis is through enhanced VEGF signaling
pathways, which is a key regulator of vascular
permeability in health and disease. Our data demon-
strated thatVEGF and Flk-1 (VEGFR2)were elevated at
both the mRNA and protein levels, which when
combined with other upregulated extracellular ma-
trix proteins, like E-selectin and perlecan suggest that
TFPI deficiency in endothelial cells changes the lung
microenviroment to a prometastatic phenotype.
Our data also show that under baseline conditions,

Evan’s blue staining of the brain of TFPI-deficient
mice had no significant difference as compared with
the control mice. Nevertheless, when lipopolysaccha-
ride (LPS) was used to challengemice with Evan’s blue
stain simultaneously, the brain microvascular perme-
ability of TFPIfl/fl/Tekmice showed a 60%higher effect
than did TFPIfl/fl mice (see supplementary Figure S2).
This suggested that TFPI is less important in this
organ, but it might play a key role in the brain certain
pathological conditions (e.g., inflammation or sep-
sis). Vascular endothelium in different organs is made
up of phenotypically diverse groups of cells with
expression of specific sets of genes that facilitate
tissue-specific functions [58–60]. Given that the brain
displays a high level of TF but very low TFPI [52], it is
reasonable to see the different responses in themouse
model of Evan’s blue dye extravasation. By contrast,
the heart, expressing intermediate levels of TF, and
TFPI, did not show any defects. This is possible since a
52% decrease in the relative mRNA levels is insuffi-
cient to significantly change the local balance of TF/

TFPI, and indicates a compensative mechanism is
likely from the SMC or cardiomyocyte-derived TFPI.

These findings suggest that TFPI functions in a
tissue-specific manner, and a certain critical level of
anchored TFPI on endothelial cells, are sufficient to
help maintain the integrity of the local vasculature
and contribute to a balanced systemic hemostatic
response, and in the control of tumor metastasis. It
is important to note that endothelial-associated
thrombomodulin and circulating protein C might
offer an additional compensatory mechanism to
maintain and restore adequate hemostasis in a
tissue-specific manner, or systemically in TFPI-
deficient mice [61].

From the above discussion, we conclude that
anchored TFPI maintains the integrity of endothelial
cells and to a local and systemic balance in hemosta-
sis. TFPI controls tumor metastasis largely through
regulated generation of TF-induced thrombin in a
tissue-specific manner. Finally, it is important to note
that both TFPIa and TFPIb isforms were knocked
down in the knockout mice used. Further study
should be performed to investigate the functional
differences between the two variants in physiology
and cancer biology.
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