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Objective: Thromboxane A2 (TXA2) is a prostanoid formed by thromboxane synthase using the
cyclooxygenase product prostaglandin H(2) as the substrate.  TXA2 was shown to enhance tumor
metastasis but the underlying mechanism remains unclear.
Methods: B16F1 melanoma cells were intravenously injected into TXA2 receptor (TP) knockout mice
(TP-/- mice) and wild-type mice (WT mice).  On day 21 after injection, the lungs were isolated and the
number of surface-visible metastatic colonies was counted.  Activated platelets and CXCR4+VEGFR1+

cells were analyzed by flow cytometry.  Angiogenic stimulate factors, vascular endothelial growth
factor (VEGF) and stromal-derived factor (SDF)-1, were measured by ELISA (enzyme-linked
immunosorbent assay).
Results: TP-/- mice showed a reduction in B16F1 lung colonies and mortality rate, which were associated
with a decreased number of platelets. Platelet activation as assessed by P-selectin expression was
suppressed in TP-/- mice.  A selective P-selectin neutralizing antibody decreased the number of lung
colonies and platelet attachment to metastatic lung colonies in WT mice but not in TP-/- mice.  The
plasma levels of hematopoietic cytokines including VEGF and SDF-1 were lower in TP-/- mice.  In TP-/-

mice, the mobilization of progenitor cells expressing CXCR4+VEGFR1+ from bone marrow and the
recruitment of those cells to lung tissues were suppressed.
Conclusions: These results suggest that TP signaling plays a critical role in tumor metastasis through
P-selectin-mediated interactions between platelets and tumor cells and through the TP signaling-
dependent production of VEGF and SDF-1, which may be involved in the mobilization of
CXCR4+VEGFR1+ cells.  Blockade of TP signaling may be useful in the treatment of tumor metastasis.
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Introduction

umor metastasis is responsible for over 90% of
cancer-associated mortality, yet the mechanism of

tumor metastasis remains poorly understood.  Tumor
metastasis to distant tissues depends on interactions
between tumor cells and the host microenvironment
within the circulation and target tissues.  This involves
blood cells, components of the coagulation system,
stromal cells and the extracellular matrix.  Cells within
the microvasculature that contribute to metastasis are
endothelial cells, platelets, lymphocytes, macrophages,

fibroblasts and bone marrow-derived progenitor cells.1

Platelets have been implicated in the development of
tumor metastasis.2-6  Thrombocytosis has been associated
with advanced, often metastatic, stages of cancer and
with poor prognosis in a variety of tumors.  Suppression
of platelet-tumor cell association by antiplatelet agents
or anticoagulants potently inhibits experimental
metastasis7,8 Interactions between platelets and tumor cells
facilitate tumor cell arrest at the endothelium and assist
tumor cell survival within the bloodstream, with the
subsequent formation of experimental metastasis.3,9  The
platelet-tumor cell aggregates may supply tumor cells
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with critical stimulatory growth factors and cytokines,
which are released on platelet activation.10,11

Thromboxane A2 (TXA2) is a potent stimulator of
platelet activation and aggregation and of vascular
constriction, and exerts its biological activity by binding
to a G protein-coupled specific receptor, the thromboxane
prostanoid receptor (TP).  Thromboxane synthase (TXS)
and its product, TXA2, have been shown to promote not
only tumor proliferation, invasion, and angiogenesis, in a
variety of tumor entities,12-14 but also tumor metastasis.15-17

TXS expression is associated with angiogenesis and
metastasis in non-small cell lung cancer patients.18  TXS
inhibitors suppress the formation of experimental
metastasis of the lung16 and the liver.19  A potential role
for the TP in tumor cell invasion and metastasis has also
recently been revealed.  Increased TP receptor expression
has been shown in patients with breast cancer,20 lung
cancer,21 bladder cancer,22 and prostate cancer.23  The
levels of TP expression were linked to poor prognosis in
patients with breast cancer, indicating that TP may be a
prognostic factor for this disease.20

These findings indicate that the TXA2-TP signaling
pathway in tumor cells is crucial for metastasis.  However,
the contribution of endogenous TXA2 in platelets as an
important part of the tumor metastasis microenvironment
remains to be clarified.  In the present study, the possible
involvement of TP signaling in platelet-tumor cell
interaction was examined in a model of experimental
lung metastasis.  In addition, the effect of TP signaling in
promoting metastasis through the mobilization of
progenitor cells in lung tissue was determined.  The
present results suggest that TP signaling is required for
tumor metastasis through the P-selectin-mediated
interaction of platelets with tumor cells, and that the
VEGF and SDF-1-mediated recruitment of progenitor
cells from bone marrow may facilitate tumor metastasis.

Materials and Methods

Animal and tumor metastatic model
Male C57Bl/6 mice (6-8 weeks old), weighing 25-30 g,
were obtained from CLEA Japan (Tokyo).  Male
thromboxane A2 receptor knockout mice (TP-/- mice, 8
weeks old) were developed by us24 and maintained at
constant humidity (60 ± 5%) and temperature (20 ± 1℃)
on a 12-hour light/dark cycle.  All animals were provided
food and water ad libitum.  All experiments were
performed in accordance with the guidelines for animal
experiments of Kitasato University School of Medicine.

B16F1 cells originally isolated from C57Bl/6 mice
were cultured at 37℃ in RPMI 1,640 medium

supplemented with 10% fetal bovine serum in a
humidified atmosphere containing 5% CO2.  B16F1 cells
were harvested and washed three times with phosphate-
buffered saline (PBS).  The cells were suspended in PBS
at a density of 3.0 × 105 cells/ml, and 100μl of the
resulting suspension was injected into the tail vein.  On
day 21, mice were sacrificed with an excess dose of ether
and the lungs were surgically resected.  The isolated
lungs were fixed with Bouin's solution and the number
of surface-visible metastatic colonies was counted under
a light microscope.  In some experiments, a P-selectin
antibody (RB40.34, rat IgG1, 30μg per mouse, BD
Pharmingen, San Jose, CA, USA) or isotype control
antibody (rat IgG) was injected daily into the mice after
B16F1 injection.

Peripheral blood analysis
Blood was drawn via the tail vein before, and 7, 14, and
21 days after tumor cell injection.  The collected amounts
of blood were 20μl at each time point.  Platelet counts
were measured by a Celltac automatic cell counter (MEK-
6450, Nihon Kohden).

Platelet transfusion
Anesthetized donor wild-type mice were bled via heart
puncture into heparinized microtubes.  The blood was
pooled and centrifuged at 220 g for 5 minutes and the
platelet-rich plasma was collected.  Platelet isolation was
performed according to the method previously reported.25

The platelets were adjusted to 5.0 × 108/ml in PBS.  The
platelet suspension was injected into the tail vein on the
day of tumor cell injection and on days 2 and 5.

Bleeding time measurements
Bleeding time measurements were performed according
to a previously reported method.26  In brief, mice were
placed in a holder, a small transaxial incision was made
on the distal mouse tail and the tail was immediately
immersed in PBS at 37℃.  The bleeding time was defined
as the period of time between the incision and the complete
cessation of bleeding.

Measurement of plasma levels of VEGF-A, SDF-1,
proMMP-9, and SCF
To determine the plasma levels of vascular endothelial
growth factor (VEGF)-A, stromal-derived factor (SDF)-
1, pro-matrix metalloproteinase (MMP)-9, and stem cell
factor (SCF), the plasma was collected and stored at -20℃
until used.  Plasma levels of VEGF-A, SDF-1, proMMP-
9, and SCF were assessed with specific ELISA (enzyme-
linked immunosorbent assay) kits (R&D Systems,
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Minneapolis, MN, USA).  These experiments were
performed in duplicate.

Flow cytometric analysis
Blood was drawn via the tail vein one day after surgery.
The white blood cell fraction, including platelets, was
obtained by Ficoll separation and flow cytometric analysis
was performed as described previously.27  Cells were
labeled with FITC anti-mouse CD41 (eBioscience, San
Diego, CA, USA) and phycoerythrin (PE)-labeled anti-
mouse P-selectin antibodies or FITC (fluorescein
isothiocyanate) labeled anti-VEGFR1 and PE-labeled
anti-CXCR4 isotype control antibodies (BD Pharmingen,
NJ, USA) in the presence of the anti-FcR monoclonal
antibody 2.4G2 (Becton Dickinson Biosciences, NJ,
USA).  After washing, cells were analyzed with a FACS
Calibur flow cytometer (BD Biosciences) and small cells,
with low forward scatter (FSC), were gated for peripheral
blood analysis.

Immunohistochemical studies
For immunostaining, lung tissues were immediately fixed
with 4% paraformaldehyde in a 0.1 M PBS (pH 7.4).
After fixation, the tissues were dehydrated with a graded
ethanol series and then embedded in paraffin.  Sections
(4μm) of the paraffin-embedded tissues were mounted
on glass slides, deparaffinized with xyline, and placed in
cold (4℃) acetone.  The procedure for staining dehydrated
sections using a Vectastain ABC Kit (Vector Lab,
Burlingame, CA, USA) was: 1. incubation with diluted
normal horse serum, 2. incubation with integrin αIIb
monoclonal antibody (1:50, Santa Cruz Biotechnology,
CA, USA), 3. incubation with biotinylated anti-IgG, 4.
incubation with avidin-biotin-peroxidase complex, 5.
placement in 0.02% 3,3'-diaminobenzine (DAB) and
0.3% nickel ammonium sulfate in 50 mM Tris-HCl buffer
(pH 7.4), 6. color development by immersion in DAB
solution containing 0.005% H2O2, and 7. examination
and photomicrography with a light microscope, as
reported previously.28,29

For immunofluorescent cytochemistry, the cryostat
sections were blocked with 1% bovine serum albumin
(BSA)-PBS and incubated with an anti-mouse CXCR-4
antibody (1:200, Lifespan Biosciences, Seattle, WA,
USA) and an anti-mouse VEGFR1 antibody (1:200, Santa
Cruz Biotechnology).  After washing in PBS, the sections
were incubated with Alexa Fluor 488 Goat Anti-rabbit
IgG (1:1000, Molecular Probes, Grand Island, NY, USA)
and Alexa Fluor 568 Goat Anti-rat IgG (1:1000,
Molecular Probes).  Negative control staining was
conducted by replacing the primary antibodies with 1%

BSA-PBS.  Images were captured with a confocal laser
scanning microscope (LSM710; Carl Zeiss, Jena,
Germany), as described previously.30,31

Statistical analysis
Data are expressed as means ± standard deviation (SD).
Comparisons among multiple groups were performed by
ANOVA (analysis of variance).  Comparisons between
the two groups were made using the Student's t-test.
Survival experiments were analyzed using the log-rank
test and presented as Kaplan-Meier survival curves.  P-
values of less than 0.05 were considered to indicate
statistical significance.

Results

Reduced lung B16F1 melanoma metastasis formation in
TP-/- mice
The numbers of lung colonies in TP-/- mice 21 days after
intravenous injection of B16F1 tumor cells were
compared with those in WT mice (Figures 1a and b).  As
shown in Figure 1a, the number of lung colonies in TP-/-

mice (38.7 ± 13.6 colonies) was lower than that in WT
mice (100.0 ± 9.2 colonies).  Furthermore, TP-/- mice
injected with B16F1 cells showed 20% mortality in 6
weeks, while WT mice showed nearly 70% (Figure 1c)
(P = 0.036).  These results suggested that TP signaling
facilitates metastatic formation and is a prognostic factor
for the development of metastasis.

Platelet-enhanced pulmonary metastasis formation
Because platelets play a role in tumor metastasis
formation, the changes in the number of platelets during
the formation of tumor metastasis after the injection of
B16F1 cells were determined (Figure 2a).  The number
of platelets did not differ between WT mice and TP-/-

mice at baseline levels.  However, the number of platelets
in WT mice at day 14 (15.4 × 106 ± 36.0/μl) and day
21 (17.8 × 106 ± 30.0/μl) were significantly increased
compared with that in TP-/- mice (10.7 × 106 ± 11.5/μl at
day 14 and 13.1 × 106 ± 12.3/μl at day 21, respectively).
The effect of platelet transfusion on tumor metastasis
was further investigated (Figure 2b).  Mice transfused
with platelets exhibited an increased number of colonies
at 14 days (115.0 ± 16.9 colonies) compared to PBS-
treated mice (85.8 ± 9.7 colonies).  The bleeding time at
7 days in TP-/- mice (117 ± 11 sec) was prolonged
compared to that in WT mice (101 ± 9 sec) (Figure 2c).
These results suggested that platelets promoted metastasis
formation.

Thromboxane A2 in enhancement of lung metastasis in mice
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P-selectin activation in platelets through TP signaling
during tumor metastasis formation
P-selectin is normally stored in the α-granules of platelets
and rapidly expressed on the surface of activated platelets.
To examine whether TP signaling affects platelet activity
during tumor metastasis formation, the population of P-
selectin+CD41+ platelets was determined by flow
cytometry.  The percentage of P-selectin-positive platelets
in TP-/- mice on day 1 (0.13 ± 0.05%) was significantly
reduced compared to that in WT mice (0.46 ± 0.02%)
(Figure 3a).  These results indicated that TP signaling
plays a role in platelet activation during the colonization
step of lung metastasis.

TP signaling regulated the involvement of P-selectin in
tumor metastasis formation
To examine the role of P-selectin in tumor metastasis
formation via TP signaling, a P-selectin neutralizing
antibody was injected after the injection of B16F1 cells.
P-selectin neutralizing antibody-treated WT mice
displayed a markedly reduced number of lung colonies
(51.7 ± 17.2 colonies) compared with IgG-treated WT
mice (116.2 ± 25.9 colonies) (Figure 3b).  However,
there were no significant differences in the number of
lung colonies formed between antibody-treated TP-/- mice
(34.2 ± 9.5 colonies) and IgG-treated TP-/- mice (45.8
± 18.9 colonies).  These results suggested that P-selectin-

Figure 1.  Reduced B16F1 colony formation in TP knockout mice (TP-/-).
(a) Number of colonies in the lung 21 days after intravenous injection of
B16F1 cells.  WT, wild-type mice; TP-/-, TP knockout mice.  Data are means ±
SD for the number of mice (all n = 10/group). *P < 0.05 versus WT mice
(Student's t-test).  (b) Typical hematoxylin-eosin staining of the metastatic
lung tumors from WT and TP-/- mice 21 days after intravenous injection of B16F1
cells.  Red arrows indicate the metastatic area.  (c) Mortality rate after intravenous
injection of B16F1 cells in WT (n = 20) and TP-/- mice (n = 20).  The number
of surviving animals was measured every week until 6 weeks postadministration.
Survival curves were generated using Kaplan-Meier Analysis.

Matsui,  et al.
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Figure 2.  Platelets enhance tumor metastasis.  (a) Time course of changes in
platelet counts after intravenous injection of B16F1 cells.  Data are means ±
SD for the number of mice (all n = 10/group).  *P < 0.05 versus WT mice
(Student's t-test).  (b) Effect of platelet infusion on the number of colonies
formed in the lung 21 days after the injection of B16F1 cells.  Data are means
± SD for the number of mice (all n = 10/group).  *P < 0.05 versus PBS-treated
mice (Student's t-test).  (c) Bleeding times were prolonged in TP-/- mice. Data
are means ± SD for the number of mice (all n = 5/group).  *P < 0.05 vs. WT
mice (Student's t-test).

Thromboxane A2 in enhancement of lung metastasis in mice
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Figure 3.  P-selectin activation through TP signaling enhances pulmonary
metastasis.  (a) The percentage of P-selectin+/CD41+ platelets in peripheral
blood 7 days after the injection of B16F1 cells.  Data are means ± SD for the
number of mice (all n = 8/group).  *P < 0.05 vs. WT mice (Student's t-test).
(b) A neutralizing P-selectin monoclonal antibody reduced colony formation in
WT but not TP-/- mice.  Data are means ± SD for the number of mice (n = 5 per
group).  *P < 0.05 (Student's t-test); NS, not significant.  (c) Immunohistochemical
detection of αIIb in metastatic areas.  Treatment of WT mice with a P-selectin
antibody reduced the attachment of platelets to metastatic tumor cells compared
with IgG-treated WT mice.  Platelet attachment to metastatic tumor cells was
attenuated in TP-/- mice.  Treatment of TP-/- mice with a P-selectin antibody
failed to further inhibit the attachment of platelets.  Scale bar indicates 50μm.

Matsui,  et al.
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mediated tumor metastasis formation was TP signaling
dependent.

P-selectin-mediated adhesion of platelets to metastatic
tumors
To determine whether P-selectin is involved in the
interaction of platelets with metastatic colonies in the
lung, platelets were detected by immunohistochemical
analysis.  Intense staining for the platelet marker integrin
αIIb was apparent in the metastatic locus in WT mice,
whereas the staining in TP-/- mice was less pronounced
(Figure 3c).  An antibody against P-selectin reduced the
expression of αIIb in the metastatic tumor in WT mice
but not in TP-/- mice.  This result suggested that TP
signaling plays a critical role in P-selectin-mediated
platelet adhesion to the metastatic tumor locus.

Reduced plasma levels of hematopoietic cytokines in TP-/-

mice
Because VEGF and SDF-1 are involved in tumor
metastasis and platelets can release these pro- angiogenic
factors upon activation,32 the plasma levels of VEGF
(Figure 4a) and SDF-1 (Figure 4b) were determined.
Plasma levels of VEGF-A in TP-/- mice (72.8 ± 21.6 pg/
ml) 7 days after the injection of B16F1 cells were found
to be lower than in WT mice (152.0 ± 29.0 pg/ml).  In
addition, the levels of SDF-1 in TP-/- mice (3.3 ± 3.6 ng/
ml) were significantly lower compared with those in WT
mice (10.7 ± 2.9 ng/ml).  Other hematopoietic cytokines
including pro-MMP-9 (Figure 4c) and SCF (Figure 4d)
were also measured.  Plasma levels of pro-MMP9 and
SCF in TP-/- mice (0.4 ± 0.2 ng/ml and 0.8 ± 0.2 pg/ml,
respectively) 7 days after B16F1 cell injection were lower
than in WT mice (0.6 ± 0.1 ng/ml and 1.0 ± 0.0 pg/ml,

Figure 4.  Reduced plasma levels of pro-angiogenic cytokines in TP-/- mice: (a) VEGF-A,
(b) SDF-1, (c) pro-MMP-9, and (d) SCF 7 days after the injection of B16F1 cells.  Data are
means ± SD for the number of mice (all n = 8/group).  *P < 0.05 vs. WT mice (Student's t-test).

Thromboxane A2 in enhancement of lung metastasis in mice
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respectively).  These results suggested that TP signaling
is important for tumor metastasis formation through its
involvement in the production of hematopoietic cytokines
including VEGF-A, SDF-1, pro-MMP9, and SCF.

T P  s i g n a l i n g - d e p e n d e n t  m o b i l i z a t i o n  o f
CXCR4+VEGFR1+ cells
An increase in hematopoietic cytokines has been reported
to mobilize hematopoietic progenitor cells to promote
tumor growth, and VEGFR1+ hematopoietic progenitors
are required for the regulation of tumor metastasis.33

Therefore, the involvement of TP signaling in the
mobilization of CXCR4+VEGFR1+ cells into the lung
tissue was determined (Figure 5a).  Flow cytometry

analysis demonstrated that the mobilization of
CXCR4+VEGFR1+ cells into the peripheral blood was
down-regulated in TP-/- mice (0.3 ± 0.1%) on day 7 in
comparison with WT mice (1.4 ± 0.5%).  Double
immunostaining for CXCR4+ and VEGFR1+ in lung
tissues 7 days after melanoma cell injection showed that
CXCR4+VEGFR1+ cells were located around the
metastatic tumor (Figure 5b).  The number of
CXCR4+VEGFR1+ cells in lung tissues was dramatically
reduced in TP-/- mice as compared with WT mice (Figure
5b), although these cells were not detected in naive lung
tissue.  These results suggested that TP signaling regulates
the mobilization as well as the homing of CXCR4+VEGFR1+

cells.

Figure 5.  TP-signaling induces the mobilization of CXCR4+VEGFR1+ cells
in the peripheral blood and homing into lung tissues during the colonization of
B16F1 cells.  (a) The percentage of CXCR4+VEGFR1+ cells in the peripheral
blood 7 days after B16F1 cell injection.  Data are means ± SD for the number
of mice (all n = 8/group).  *P < 0.05 vs. WT mice (Student's t-test).  (b)
Reduced homing of CXCR4+VEGFR1+ cells to the lung tissue in TP-/- mice 7
days after the injection of B16F1 cells.  Double staining of lung sections from
WT mice and TP-/- mice with antibodies against CXCR4 (red) and VEGFR1
(green).  Yellow arrows indicate double-labeled cells.  T indicates metastatic
area.  All images are representative of three independent samples.  Scale bar
indicates 50μm.
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Discussion

The objective of the present study was to investigate the
role of TP signaling in lung metastasis formation after
the injection of B16F1 melanoma cells and explore the
underlying mechanisms of tumor metastasis regulated
by the TP signaling pathway.  The present results showed
that endogenous thromboxane A2 promoted tumor
metastasis through P-selectin-mediated platelet adhesion
to metastatic tumor cells in lung tissues.  The results also
demonstrated that the TP signaling mediated increase in
the levels of hematopoietic cytokines facilitated tumor
metastasis through the recruitment of CXCR4+VEGFR1+

cells expressing bone marrow-derived pro-angiogenic
cells into the lung tissues.  These results suggest that TP
signaling plays a critical role in tumor metastasis through
P-selectin-mediated interactions of platelets with tumor
cells and through TP signaling-dependent production of
VEGF and SDF-1, which are involved in the mobilization
of CXCR4+VEGFR1+ cells.

Platelets play a crucial role in tumor metastasis.2-6

The present study showed that the treatment of mice by
platelet transfusion enhanced the development of
pulmonary metastasis elicited by the injection of B16F1
melanoma cells (Figure 2).  We also reported that aspirin
attenuated pulmonary metastasis in mice.8  Studies have
shown that the involvement of platelets in tumor
metastasis is mediated by a highly complex process.34-36

Tumor cel ls  enter  the microvascular  system
(intravasation) and bind and activate platelets (cohesion).
Platelets then assist tumor cell arrest at the endothelium
(adhesion) and survival within the microvasculature
(immune evasion), which enables exiting from the
circulation (extravasation) and tumor cell survival and
proliferation within the target organs of metastasis.34-36

Although platelets are known to contain many
proangiogenic factors, the mechanisms by which platelets
regulate angiogenesis are only partially understood.
Among the endogenous factors involved in platelet
stimulation, TXA2, an arachidonic acid metabolite, is
one of the most significant molecules.  Although it has
been suggested that the TXA2/TP signaling pathway in
tumor cells contributes to tumor metastasis,16,21 the
involvement of endogenous TXA2 in platelets as a part
of the tumor metastasis microenvironment remains
uncertain.  Moreover, platelets stimulated with TXA2

may supply proangiogenic growth factors to the tumor
microenvironment.  However, to date, the cellular and
molecular mechanisms by which TP signaling enhances
tumor metastasis through the interaction with platelets
have not been fully elucidated.  The current study

demonstrated that the disruption of the TP gene inhibited
the formation of lung metastases in a mouse experimental
lung metastasis model, indicating that TP signaling is a
positive regulator of tumor metastasis.  Because
melanoma cells injected into TP-/- and WT mice express
TP, the inhibition of pulmonary melanoma metastasis in
TP-/- mice indicates that host cells with active TP signaling
are key players in metastasis formation in this model.

P-selectin (CD62P) becomes rapidly translocated from
intracellular storage vesicles to the platelet surface on
activation.  P-selectin, a member of the selectin family of
adhesion molecules, has been implicated in tumor
metastasis.37,38  In the present study, the activation status
of platelets, as reflected by the expression of P-selectin
on platelets during the development of pulmonary
melanoma metastasis, was determined.  Interestingly,
TP-/- mice displayed fewer populations of P-selectin-
expressing platelets than those compared with WT mice,
suggesting that TP signaling is important for P-selectin
expression on platelets.  In several in vivo metastasis
models, the gene disruption of P-selectin or the inhibition
of P-selectin function with heparin was found to have a
dramatic inhibitory effect on pulmonary metastasis.39,40

Consistent with these findings, we also showed that
treatment with an antibody against P-selectin reduced
pulmonary metastasis formation in WT mice (Figure 3).
Of interest, the P-selectin antibody failed to further inhibit
metastatic colonization in TP-/- mice, suggesting that P-
selectin-mediated pulmonary melanoma metastasis is
dependent on TP signaling.  The results obtained through
the blockade of P-selectin suggest that tumor metastasis
formation involves P-selectin function and platelets.  The
specific role of P-selectin in the platelet-tumor complex
formation and metastasis was established by the use of
P-selectin-deficient mice.  Both efficient tumor cell-
platelet aggregation and the development of experimental
lung metastasis were attenuated in P-selectin-deficient
mice.37,38  In addition, platelets from P-selectin-deficient
mice failed to adhere to melanoma cells in vitro.39  The
current study also revealed that P-selectin blockade
suppressed platelet adhesion to pulmonary metastastatic
tumors in WT mice (Figure 3).  In addition, TP-/- mice
treated with a P-selectin antibody failed to display a
further reduction in platelet attachment during lung
colonization after B16F1 melanoma injection.  Taken
together, these observations indicate that TP signaling
dependent P-selectin activation is critical for lung
colonization of tumor cells, supporting the concept that
P-selectin-mediated platelet-tumor cell interactions assist
the process of metastasis through TP signaling.

In addition to enhanced P-selectin expression on

Thromboxane A2 in enhancement of lung metastasis in mice
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platelets during metastasis formation, P-selectin
expression on activated endothelial cells was also revealed
to contribute to experimental lung metastasis.  Indeed,
melanoma cell lines appear to interact with endothelial
cells expressing P-selectin.39  Further studies are required
to elucidate the contribution of P-selectin on endothelial
cells to tumor metastasis.

Pro-angiogenic factors including VEGF-A and SDF-
1 are candidate factors involved in tumor metastasis
development.32  In the present study, plasma levels of
VEGF-A and SDF-1 were increased in WT mice during
pulmonary metastasis formation and these factors were
significantly suppressed in TP-/- mice (Figure 3).  Recent
evidence, including ours, showed that VEGF-A and SDF-
1 released from platelets promote angiogenesis during

vascular injury and tumor metastasis.32,41,42  Thus, TP
signaling may induce the production of VEGF-A and
SDF-1 in platelets, resulting in tumor metastasis in this
model.  Pro-angiogenic cytokines such as VEGF-A and
SDF-1 mediate the recruitment of pro-angiogenic
hemangiocytes,40 positive for CXCR4 and VEGFR-1, to
induce tumor metastasis.32  In thrombocytopenic mice,
plasma SDF-1 elevation and the mobilization of
CXCR4+VEGFR1+ cells, as well as tissue revascularization,
are severely impaired after hind-limb ischemia.31

However, the restoration of platelet production or
enforced SDF-1 expression restores neo-angiogenesis,
providing evidence for the essential role of platelet-
derived SDF-1 in regulating neovascularization.  The
release of SCF through MMP-9 activation has also been

Figure 6.  Role of TP signaling in the enhancement of tumor metastasis.  TP signaling
regulates the P-selectin-mediated adhesion of activated platelets to metastatic tumor cells and
the secretion of VEGF and SDF.  These hematopoietic cytokines induce the mobilization and
recruitment of hemangiocytes expressing CXCR4 and VEGFR1 in the lung tissues in a TP-
signaling-dependent manner.  These CXCR4+VEGFR1+ cells may enhance the establishment
of tumor metastasis.

Matsui,  et al.
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reported to be a critical step in the mobilization of
CXCR4+VEGFR1+ cells from the bone marrow.31,41  The
present results showed that increased plasma levels of
MMP-9 and SCF were associated with the mobilization
of CXCR4+VEGFR1+ cells.  The current study also
demonstrated that TP signaling facilitates the mobilization
of CXCR4+VEGFR1+ cells from the bone marrow to the
peripheral blood, as well as the recruitment of
hemangiocytes expressing CXCR4+VEGFR1+ to the lung
tissue during the evolution of pulmonary metastasis.
These results indicate that the mobilization and
recruitment of hemangiocytes may be regulated by TP
signaling.  The mobilized CXCR4+VEGFR1+ cells release
angiopoietin-2 and have a crucial role in angiogenesis
during hindlimb ischemia31 as well as tumor metastasis.41

VEGFR1+HPCs (hematopoietic progenitor cells) are
reported to be present at the periphery of the metastatic
lesion, likely maintaining tumor survival and growth.41

In our preliminary experiments, the treatment of WT
mice with antibodies against VEGF or CXCR4 attenuated
the numbers of lung colonies elicited by injection of
B16F1 melanoma cells, suggesting that the presence of
CXCR4+VEGFR1+ cells at premetastatic sites facilitates
tumor metastasis.

In conclusion, the present study indicates that TP
signaling plays a critical role in tumor metastasis through
P-selectin-mediated interactions of activated platelets
with tumor cells, and through the TP signaling-dependent
production of VEGF and SDF-1, which are involved in
the mobilization of hematopoietic cells expressing
CXCR4+VEGFR1+ from the bone marrow to facilitate
the establishment of tumor metastasis (Figure 6).  These
cumulative results suggest that highly selective TP
antagonists may become a useful therapeutic tool for
cancer treatment in the near future.
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