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contribute to the separation in vivo.
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(Bacl(ground: Mice deficient in the platelet receptor CLEC-2 for podoplanin showed impaired blood/lymphatic vessel
Results: Functions of lymphatic endothelial cells are inhibited by platelet releasates and BMP-9, which we identified as a novel
Conclusion: Granule contents including BMP-9 released upon platelet activation by CLEC-2-podoplanin interaction may

Significance: We proposed a novel mechanism of platelet-mediated blood/lymphatic vessel separation.
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The platelet activation receptor CLEC-2 plays crucial roles in
thrombosis/hemostasis, tumor metastasis, and lymphangiogen-
esis, although its role in thrombosis/hemostasis remains contro-
versial. An endogenous ligand for CLEC-2, podoplanin, is
expressed in lymphatic endothelial cells (LECs). We and others
have reported that CLEC-2-deficiency is lethal at mouse embry-
onic/neonatal stages associated with blood-filled lymphatics,
indicating that CLEC-2 is essential for blood/lymphatic vessel
separation. However, its mechanism, and whether CLEC-2 in
platelets is necessary for this separation, remains unknown. We
found that specific deletion of CLEC-2 from platelets leads to
the misconnection of blood/lymphatic vessels. CLEC-2*/*
platelets, but not by CLEC-27/~ platelets, inhibited LEC migra-
tion, proliferation, and tube formation but had no effect on
human umbilical vein endothelial cells. Additionally, superna-
tants from activated platelets significantly inhibited these three
functions in LECs, suggesting that released granule contents
regulate blood/lymphatic vessel separation. Bone morphologic
protein-9 (BMP-9), which we found to be present in platelets
and released upon activation, appears to play a key role in regu-
lating LEC functions. Only BMP-9 inhibited tube formation,
although other releasates including transforming growth fac-
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tor- B and platelet factor 4 inhibited proliferation and/or migra-
tion. We propose that platelets regulate blood/lymphatic vessel
separation by inhibiting the proliferation, migration, and tube
formation of LECs, mainly because of the release of BMP-9 upon
activation by CLEC-2/podoplanin interaction.

Previously, we had identified C-type lectin-like receptor 2
(CLEC-2)? as a receptor for platelet-activating snake venom,
rhodocytin (1). CLEC-2 is a novel class of platelet activation
receptor that belongs to the C-type lectin superfamily and elic-
its robust activation signals in conjunction with the Src family
kinases, Syk, and phospholipase Cy2 (PLC+y2). SLP-76 (adapter
protein SH2 domain-containing leukocyte protein of 76 kDa)
and the linker for activation of T cells are also necessary for the
full activation of platelets induced by CLEC-2 (1). We also iden-
tified podoplanin as an endogenous ligand for CLEC-2, which
was later confirmed by other groups (2, 3). Podoplanin is
expressed on the surface of tumor cells and induces platelet
aggregation by binding to CLEC-2, which facilitates hematog-
enous tumor metastasis (2, 4). Podoplanin is also expressed in
kidney podocytes (the origin of its nomenclature), type I lung
alveolar cells, and lymphatic endothelial cells (LECs) but not in

3 The abbreviations used are: CLEC-2, C-type lectin-like receptor 2; PLCy2,
phospholipase C y2; HUVEC, human umbilical vein endothelial cell; LEC,
lymphatic endothelial cell; hLEC, human lymphatic endothelial cell; mLEC,
murine lymphatic endothelial cells; BMP-9, bone morphogenetic pro-
tein-9; PF4, platelet factor 4; GPVI, glycoprotein VI; EGM-2, endothelial
growth medium-2; SFM, serum-free medium; EdU, 5-ethynyl-2’-deoxyuri-
dine; hPIt, human washed platelets; mPIt, murine washed platelets.
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vascular endothelial cells (reviewed in Ref. 5). As podoplanin in
these cells cannot interact with CLEC-2 in the bloodstream,
roles for CLEC-2/podoplanin interaction in the latter three cell
types have remained unknown. Recently, we and others inde-
pendently generated CLEC-2-deficient mice and reported that
CLEC-2-deficient mice show embryonic/neonatal lethality,
severe edema, and blood-filled lymphatic vessels because of
impaired blood/lymphatic separation (6, 7). CLEC-2-deficient
mice show embryonic/neonatal lethality, and almost all of the
CLEC-2"/" pups die shortly after birth, probably because of
respiratory failure. These studies revealed that the CLEC-2/
podoplanin interaction facilitates blood/lymphatic vessel sepa-
ration in the developmental stages when primary lymph sacs
are derived from the cardinal vein. However, because other
blood cells, including neutrophils, monocytes, and dendritic
cells, express CLEC-2 in mice, it is not known whether this
separation requires CLEC-2 expression in platelets. A miscon-
nection phenotype was also observed in mice deficient in podo-
planin and the signaling molecules necessary for platelet acti-
vation downstream of CLEC-2, including Syk, SLP-76, and
PLCy2 (8,9). Moreover, platelet aggregate formation, which is
an indicator of platelet activation, was observed in the connec-
tion between the cardinal vein and primary lymph sacs in nor-
mal mice but not in SLP-76- or podoplanin-deficient mice (6,
10). These findings suggest that platelet activation is necessary
for blood/lymphatic vessel separation. However, the mecha-
nism by which CLEC-2 in platelets regulates blood/lymphatic
vessel separation remains to be elucidated.

In the present study, we demonstrated that CLEC-2 in plate-
lets is required for the blood/lymphatic vessel separation using
mice with CLEC-2 specifically deleted from platelets. We found
that co-culture of platelets, or supernatants from activated
platelets, significantly inhibited cell migration, proliferation,
and tube formation of LECs in a manner dependent on CLEC-2.
These findings suggest that granule contents released upon
platelet activation inhibit lymphangiogenesis. We found that
activated platelets released the transforming growth factor-f3
(TGF-B) family protein bone morphogenetic protein-9
(BMP-9) and that this was involved in platelet-mediated inhi-
bition of lymphangiogenesis. We proved that BMP-9 is an
important mediator and that a combination of the platelet
releasates (BMP-9, TGF-B, platelet factor 4 (PF4), angiostatin,
and endostatin) appears to account for platelet-mediated inhi-
bition of lymphangiogenesis in vivo. We reported some of these
results previously in abstract form following the 52nd Annual
Meeting of the American Society of Hematology (11).

EXPERIMENTAL PROCEDURES

Reagents—PF4-Cre transgenic mice were kindly donated by
Prof. Radek C. Skoda (University Hospital Basel, Switzerland)
(12). The glycoprotein VI (GPVI) agonist poly(PHG) was a gen-
erous gift from the JNC Corp. (Yokohama, Japan). Lotrafiban
was donated by GlaxoSmithKline. Recombinant VEGF165,
TGEF-B, and BMP-9 were purchased from R&D Systems (Min-
neapolis). Recombinant PF4 was from Hematologic Technolo-
gies, Inc. (Essex Junction, VT). Recombinant angiostatin was
purchased from Enzo Life Sciences (Farmingdale, NY). Recom-
binant endostatin was from Cedarlane Laboratories (Sanford,
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NC). The recombinant extracellular domain of human CLEC-2
expressed as a dimeric rabbit immunoglobulin Fc domain
fusion protein (hCLEC-2-rFc2) was generated as described pre-
viously (2). Anti-BMP-9-neutralizing antibody was from R&D
Systems. Other reagents were from sources described below or
previously (13, 14) .

Generation of Mice—CLEC-2""*'* mice were generated
using a targeting vector designed so that part of exon 1 flanked
by two loxP sites could be deleted by expression of Cre protein
(7). We crossed a CLEC-2*/* mouse with a PF4-Cre trans-
genic mouse that specifically expresses Cre recombinase in
platelets/megakaryocytes to generate PF4-Cre;CLEC-2%*'*
mice. These mice were crossed to generate PF4-Cre;CLEC-
2ftexlflox mice, which have CLEC-2 specifically deleted from the
platelets. Genotypes of CLEC-2 floxed mice and PF4-Cre trans-
genic mice were analyzed as described previously (7, 12).
Because CLEC-2-null mice are embryonic/neonatal lethal,
CLEC-2-deficient irradiated chimeric mice were generated as
described previously (7). Briefly, adult C57BL/6 male mice were
given two irradiations of 500 rads from a ®°Co source at 3-h
intervals. The mice were then rescued by intravenous injection
of 1 X 10° fetal liver cells from CLEC-2~/~ (CLEC-2 chimera)
or CLEC-2"/* embryos (WT chimera) at E13.5-E15.5. The
reconstituted mice were used for experiments no sooner than 7
weeks following irradiation. This study was approved by the
Animal Care and Use Committee at the University of
Yamanashi.

Flow Cytometry—Whole blood drawn from mice as
described (7) was diluted 15-fold using modified Tyrode’s
buffer. Twenty-five microliters of the diluted whole blood was
incubated with Cy2-labeled anti-mouse CLEC-2 and Cy2-la-
beled control rabbit IgG, both of which were generated as
described previously (7). Reactions were terminated by the
addition of 400 ul of PBS, and the samples were analyzed using
a FACScan (BD Biosciences) and CellQuest software (BD
Biosciences).

Microscopy—Mice were anesthetized by diethyl ether, and
the small intestine and mesentery were photographed using an
Optio WG-1 digital camera (Pentax-Hoya Corp., Tokyo). The
mesentery was removed from euthanized mice, fixed in 3.7%
formalin, and embedded in paraffin. Sections were stained with
rabbit anti-mouse LYVE-1 antibody (Abcam) using Simple
stain MAX peroxidase for mouse tissue and rabbit antibodies,
according to the manufacturer’s instructions. Immunohisto-
chemical analysis of embryonic back skin was performed as
described previously (7).

Cells—Human umbilical vein endothelial cells (HUVECS)
and human lymphatic endothelial cells (hLECs) were pur-
chased from Lonza (Basel, Switzerland) and maintained on cul-
ture dishes in endothelial growth medium-2 (EGM-2; Lonza)
supplemented with 5% FBS and an EGM-2 microvascular set
(0.5 ml of human EGF, 0.2 ml of hydrocortone, 25 ml of FBS, 0.5
ml of VEGF, 2 ml of human FGF-B, 0.5 ml of R3-IGF-1, 0.5 ml of
ascorbic acid, and 0.5 ml of GA-1000). Cultures were main-
tained at 37 °C, 5% CO, and 100% humidity. Conditionally
immortalized murine lymphatic endothelial cells (mLECs)
were prepared as described previously (15). mLECs were main-
tained on gelatinized culture dishes in EGM-2 supplemented
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with 5% FBS and an EGM-2 microvascular set at 33 °C, 5% CO,,
and 100% humidity.

Cell Migration Assay—Transwell migration assays were per-
formed in a modified Boyden-type blind well chamber (Neuro
Probe, Inc., Gaithersburg, MD) with a 12-um (for hLECs) or
8-um (for HUVECs) nucleopore polycarbonate membrane
separating the upper compartment from the bottom chamber,
which contained serum-free medium (SFM) for endothelial
cells (human endothelial SFM, Invitrogen). HUVECs or hLECs
were kept in human endothelial SFM for 1 h, harvested, and
resuspended in SFM at 3 X 10° cells/ml. One hundred eighty
microliters of cells were loaded into the upper compartment
with 20 ul of washed platelets or the indicated reagents. Where
indicated, the washed platelets were pretreated with 10 um
lotrafiban for 10 min. After incubation for 6 h at 37 °C with 5%
CO,, the membrane was fixed for 30 min in 70% ethanol and
stained with Wright-Giemsa. Nonmigrated cells from the
upper surface of the filter were scraped off with a cotton bud.
The membrane was mounted bottom-side-up on glass slides,
and the number of migrated cells/well was determined by
counting cells in five randomly selected microscopic view fields
at X200 magnification.

For the wound closure assay, a confluent monolayer of
HUVECs or hLECs was scratched with a sterile pipette tip
across the plate. The plates were washed twice with supple-
mented EGM-2 medium. After the wounds were marked and
photographed, cells were incubated with washed platelets or
the indicated reagents for 20 h. Where indicated, washed plate-
lets were pretreated with 10 um lotrafiban for 10 min. The
marked wound was photographed, and the distance of migra-
tion was determined by measuring the width of the wound and
subtracting this value from the initial width of the wound.

Cell Proliferation Assay—A cell proliferation assay was per-
formed using Click-iT™ EdU flow cytometry assay kits (Invit-
rogen). Subconfluent HUVECs or hLECs were washed and kept
in human endothelial SEM for 2 or 6 h, respectively. After the
addition of a thymidine analog, EAU, together with the washed
platelets or the indicated reagents, HUVECs and hLECs were
incubated for 2 and 4 h, respectively. Where indicated, washed
platelets were pretreated with 10 uM lotrafiban for 10 min. The
incorporation of EAU into the cells was measured according to
the manufacturer’s instructions.

Tube Formation Assay—Subconfluent HUVECs, hLECs, or
mLECs were prestained with 10 ug/ml DilC12(3) fluorescent
dye (BD Biosciences) at 37 °C for 1 h and then harvested with
trypsin/EDTA; detached cells were collected by centrifugation
at 1000 rpm for 5 min. Cell suspensions (HUVECs, 5 X 10°/ml;
hLECs, 4 X 10°/ml; mLECs, 1.25 X 10°/ml) were then prepared
in supplemented EGM-2. Where indicated, cells were pre-
treated with human washed platelets or the indicated reagents.
Then, 50 ul of cell suspension was added to each well of a
96-well BD BioCoat angiogenesis plate (BD Biosciences) that
had been precoated with Matrigel matrix. After incubation for
16 h at 37 °C (for mLECs, 33 °C), the tube-like network was
visualized by a fluorescent IX71 microscope (Olympus, Tokyo)
and photographed using a DP-70 digital camera (Olympus).
The tube-like network was traced using a Bamboo tablet
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(Wacom, Saitama, Japan), and total length was quantified using
Image] software.

Platelet Preparation—Venous blood from healthy drug-free
volunteers was collected into 10% sodium citrate. This study
was approved by the Ethical Committee at the University of
Yamanashi, and written informed consent was provided
according to the Declaration of Helsinki. Wild-type chimeras
or CLEC-2 chimeras were killed with diethyl ether, and blood
drawn by post-caval puncture was collected into 100 ul of acid-
citrate-dextrose. The washed human or murine platelets were
obtained by centrifugation as described previously using pros-
tacyclin to prevent activation during the isolation procedure
(14). Both types of platelets were resuspended in modified (cal-
cium-free) Tyrode’s buffer (14) at the indicated cell densities.

Generation of Platelet-activated Supernatants—The washed
human platelets (2 X 10°/ml) were stimulated with calcium-
free Tyrode’s buffer or 1 pug/ml poly(PHG). Poly(PHG) is a syn-
thetic collagen fiber made by polycondensation of Pro-Hyp-
Gly, which spontaneously assumes a polymeric structure with a
molecular mass greater than 10°. Poly(PHG) has been proven to
potently stimulate platelets through GPVI (16). After stimula-
tion with poly(PHG) for 10 min without stirring, platelets were
removed by centrifugation, and the resultant supernatant was
filtered using a 0.22-um filter to completely remove the plate-
lets from the supernatant. The effect of the supernatant was
examined at a final concentration of 10%. For BMP-9 Western
blotting, centrifugation was performed in the presence of 0.1
pg/ml prostaglandin I, and 15% acid-citrate-dextrose.

Western Blotting—Western blotting was performed as
described previously (14). Briefly, platelet supernatants, washed
human platelets (1 X 10°/ml), and recombinant human BMP-9
were dissolved in SDS sample buffer, separated by 4—12% SDS-
PAGE, electrotransferred, and Western-blotted with rabbit
anti-human BMP-9 antibody (GeneTex).

Statistics—Statistical significance was evaluated by Student’s
t test. In each case, p values of <0.05 were taken as the mini-
mum indication of statistical significance.

RESULTS

Mice with CLEC-2 Specifically Deleted from Platelets Have
Impaired Blood/Lymphatic Vessel Separation—In mice,
CLEC-2 expression has been reported in neutrophils, mono-
cytes, and dendritic cells in addition to platelets (17, 18). To
examine the role of platelets in blood-lymphatic vascular sepa-
ration, we generated mice that had tissue-specific, conditional
knock-out of CLEC-2 from platelets and megakaryocytes with
the use of a PF4-Cre transgene (12). Previously, we had gener-
ated CLEC-2"*/* mice, in which part of the CLEC-2 exon 1
was flanked by two loxP sites (7). We crossed a CLEC-2/7*/%o*
mouse with a mouse that expresses Cre recombinase in mega-
karyocytes/platelets to generate PF4-Cre;CLEC-2"*/°* mice.
In contrast to CLEC-2-null mice, these mice were not embry-
onic/neonatal lethal. Flow cytometric analysis showed that
CLEC-2 was deleted from the platelets (supplemental Fig. 1)
but not from neutrophils in PF4-Cre;CLEC-2%*/°* mice (data
not shown). Mice with CLEC-2 specifically deleted from the
platelets have the macroscopic and histological signs of blood/
lymphatic misconnection. We observed blood-filled red lym-
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FIGURE 1. Blood/lymphatic vessel misconnection in mice with CLEC-2 specifically deleted from platelets. A, mesentery (upper row) and small intestine
(lower row) from wild type;CLEC-27°/" (control) and PF4-Cre;CLEC-2"*/flx (CLEC-2 conditional knock-out (KO) from platelets/megakaryocytes (plts/megs)). A,
V, and L denote artery, vein, and lymphatic vessels, respectively. The arrows in the upper right panel indicate a lymphatic vessel. B, mesenteric sections of
10-week-old WT;CLEC-27/flox (jeft panel (control)) and PF4-Cre;CLEC-2"" mice (right panel (CLEC-2 conditional KO in plts/megs)) stained with LYVE-1.
C, whole-mount triple fluorescence confocal microscopy of embryonic back skin was performed with antibodies to PECAM-1 (red), LYVE-1 (green),and TER-119
(blue) at E17.5. Arrows indicate the distended lymphatic vessels containing erythrocytes.

phatic vessels in the mesentery and small intestines of the con-
ditional knock-out mice but not in the control mice (Fig. 1A4).
Moreover, the small intestines of the knock-out mice, but not
those of the control mice, were severely edematous (Fig. 1A4).
Histological analysis of the mesentery confirmed blood-filled
lymphatic vessels in the absence of CLEC-2 (Fig. 1B).

We next performed a whole-mount triple fluorescence con-
focal microscopic examination of embryonic back skin (E17.5)
using antibodies to PECAM-1, LYVE-1, and TER-119 (a molec-
ular marker of erythrocytes). Triple staining revealed that the
dilated lymphatic vessels in embryos with CLEC-2-deficient

22244 JOURNAL OF BIOLOGICAL CHEMISTRY

platelets contained erythrocytes, whereas those in control
embryos did not. In platelet-specific CLEC-2-deficient
embryos, lymphatic vessels stained for LYVE-1 and PECAM-1
exhibited a dilated, tortuous, rugged appearance, whereas lym-
phatic vessels in control embryos had a narrow, straight,
smooth appearance (Fig. 1C). Taken together, these findings
indicate that CLEC-2 is required for normal blood/lymphatic
separation in platelets but not in other cells.

Platelets Inhibit Cell Migration and Proliferation of hLECs but
Not Those of HUVECs in a CLEC-2-dependent Manner—
We next investigated the mechanism of how CLEC-2 regulates
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blood/lymphatic vessel separation. Platelet aggregates have
been observed in the connection between the lymph sac and the
vein in wild-type mice but not in SLP-76 or podoplanin-defi-
cient mice (6, 10). It is possible that platelet aggregates physi-
cally occlude the connection between the lymph sac and the
vein. However, it is also possible that platelets have some effect
on LEC function close to platelet aggregates. Here, we investi-
gated whether platelets affect LEC migration, proliferation, or
tube formation.

In the Boyden chamber, hLECs or HUVECs in the upper
chamber randomly migrated and passed through the micropo-
res into the lower chamber without chemoattractant. With a
co-culture of human or wild-type mouse platelets, hLEC migra-
tion significantly decreased by 30% compared with the platelet-
free control (Fig. 24, i). Interestingly, CLEC-2-deficient plate-
lets did not inhibit hLEC migration (Fig. 24, i). In contrast to
hLEC migration, a co-culture of platelets did not inhibit but
rather increased HUVEC migration (Fig. 24, ii). Migration of
both hLECs and HUVECs increased in the presence of VEGF-A
(Fig. 24), indicating that cells were still capable of migration
during the experiment.

We also investigated migration using a wound closure assay
in which migration was measured by a shortening of the scratch
width across a confluent monolayer of endothelial cells. Twenty
hours after scratches were made, the scratch width decreased as
a result of cell migration. Co-culture of human and wild-type
mouse platelets significantly inhibited hLEC migration by 50
and 30%, respectively, whereas co-culture of CLEC-2-deficient
platelets did not inhibit hLEC migration (Fig. 2B, i and iii). In
contrast, co-culture of platelets increased HUVEC migration
(Fig. 2B, ii). These findings are consistent with the results from
the Boyden chamber, suggesting that platelets inhibit hLEC
migration but not HUVEC migration, and that this inhibition is
dependent on CLEC-2.

The proliferation of hLECs and HUVECs was investigated by
a thymidine analog incorporation assay. Co-culture of human
or wild-type mouse platelets significantly inhibited hLEC pro-
liferation by 20% (Figs. 3, A and B). However, co-culture of
CLEC-2-deficient platelets did not inhibit hLEC proliferation.
Platelets did not affect the proliferation of HUVECs (Figs. 3, A
and C). Taken together, these findings indicate that platelets
inhibited hLEC migration and proliferation in a CLEC-2-de-
pendent manner.

Platelets Inhibit Tube Formation of LECs but Not Those of
HUVECs in a CLEC-2-dependent Manner—Because tube for-
mation is an integrated process of cell migration and prolifera-
tion, we next investigated the effects of platelets on the tube
formation of LECs. We observed that normal mouse platelets
inhibited HUVEC tube formation as well as hLEC tube forma-
tion (data not shown), although HUVEC migration and prolif-
eration were not affected (Figs. 2 and 3). We have no explana-
tion for this phenomenon, which will need to be elucidated
elsewhere. We utilized mLECs to investigate the effects of
CLEC-2-deficient platelets on LEC tube formation.

The co-culture of human platelets significantly inhibited
hLEC tube formation by 80% (Fig. 4, A and C). On the other
hand, it had no inhibitory effects on HUVEC tube formation
(Fig. 4, B and C), although a slight thickening of the tube walls
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FIGURE 2. Inhibitory effects of platelets on endothelial cell migration
through CLEC-2. A, cell migration of hLEC (i) and HUVEC (ii) in the presence of
buffer, human washed platelets (hPIt) (1 X 108/ml), WT murine washed plate-
lets (mPIt) (1 X 108/ml), CLEC-2-deficient murine washed platelets (mPIt KO,
1 X 10%/ml), or VEGF (20 ng/ml) was investigated by Boyden-type transwell
migration assay. Quantification of the migration was performed as described
under “Experimental Procedures.” The graph illustrates percent change £S.E.
from base line (buffer) (n = 10 from four independent experiments). B, cell
migration of hLEC (i and iii) and HUVEC (ii) in the presence of buffer, hPIt (1 X
105/ml), mPIt WT (1 X 108/ml), and mPIt KO (1 X 108/ml) was investigated by
means of a wound closure assay. Quantification of the migration was per-
formed as described under “Experimental Procedures” (i and ii). The graph
illustrates percent change * S.E. from base line (buffer) (n = 10 from four
independent experiments). One, two, and three asterisks denote p < 0.05, p <
0.01, and p < 0.005, respectively. The wound in the hLEC monolayer was
photographed (iii). Black lines indicate the front of an hLEC monolayer.

was observed in the presence of platelets (Fig. 4B). Fig. 4, D and
E, shows that normal mouse platelets, but not CLEC-2~/~
platelets, significantly inhibited tube formation of mLECs, as
was the case in hLEC migration and proliferation. Taken
together, itis suggested that platelets inhibit the migration, pro-
liferation, and tube formation of LECs, but not of HUVECs, in a
CLEC-2-dependent manner.

There still remains the possibility that podoplanin generates
inhibitory signals for LEC migration by binding to CLEC-2, as
podoplanin interacts directly with ezrin and increases cell
migration and invasiveness in MDCK cells (19). To address this
possibility, we investigated the effects of the recombinant extra-
cellular domain of human CLEC-2 expressed as a dimeric rab-
bit immunoglobulin Fc domain fusion protein (hCLEC-2-
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FIGURE 3. Inhibitory effects of platelets on endothelial cell proliferation.
Platelets inhibited hLEC proliferation but not HUVEC proliferation, depending
on CLEC-2. A, cell proliferation of hLECs (upper panels) and HUVECs (lower
panels) in the presence of buffer (left panels) and hPlt (right panels, 1 X 108/ml)
was investigated by thymidine analog incorporation assay. A group of EdU-
incorporated cellsis indicated by arrows. Band C, cell proliferation of hLECs (B)
and HUVECs (C) in the presence of buffer, hPIt (1 X 108/ml), mPlt WT (1 X
108/ml), and CLEC-2-deficient murine washed platelets (mPIt KO, 1 X 108/ml)
was investigated by thymidine analog incorporation assay. Quantification of
the proliferation was performed as described under “Experimental Proce-
dures.” The graph illustrates percent change = S.E. from base line (buffer)
(n = 10 from four independent experiments).

rFc2). hCLEC-2-rFc2 significantly inhibited the migration of
hLECs but not that of HUVECs (supplemental Fig. 24). On the
other hand, the recombinant CLEC-2 did not affect the prolif-
eration of hLECs/HUVECs (supplemental Fig. 2B) or of hLEC
tube formation (supplemental Fig. 2C). These findings suggest
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FIGURE 4. Inhibitory effects of platelets on tube formation of endothelial
cells through CLEC-2. A and B, tube formation of hLECs (4 X 10°/ml) (A) or
HUVECs (5 X 10°/ml) (B) in the presence (hPIt) or absence (buffer) of human
washed platelets (1 X 10%/ml). Images are representative of five different
experiments. C, quantification of tube formation. D, tube formation of mLECs
(1.25 X 10%/ml) in the presence of buffer, wild-type mPIt WT (1 X 10”/ml), and
CLEC-2-deficient murine washed platelets (mPIt KO, 1 X 107/ml). Images are
representative of three different experiments. E, quantification of mLEC tube
formation. The graphs in C and E show quantification of tube formation as
percent change = S.E. from base line (buffer) (n = 10-12 from three inde-
pendent experiments). Three asterisks denote p < 0.005.

that podoplanin cross-linking also regulates LEC function at
least in part.

Integrin alIbPB3 Blocker Did Not Attenuate Platelet-induced
Inhibition of hLEC Migration, Proliferation, and Tube Forma-
tion, whereas Supernatants from Activated Platelets Inhibited
hLEC Migration, Proliferation, and Tube Formation—Previous
studies observed the misconnection phenotype in mice defi-
cient in Syk, SLP-76, or PLC+y2, all of which are necessary sig-
naling molecules in CLEC-2-mediated signal transduction (8,
9). Podoplanin-deficient mice also show the same phenotype
(10). Moreover, platelet aggregates are observed in the orifice of
the lymph sacs in wild-type mice but not in SLP-76- or podo-
planin-deficient mice (6, 10). Together, these findings suggest
that platelet activation induced by CLEC-2-podoplanin inter-
action is necessary for blood/lymphatic vessel separation. Plate-
let activation leads to two events, granular release and platelet
aggregate formation. We next sought to clarify which of these
events is important for blood/lymphatic vessel separation. To
address this question, we utilized an integrin oIIbB3 blocker,
lotrafiban, to inhibit platelet aggregation. The allbB3 blocker
itself did not have any effect on the migration, proliferation, and
tube formation of hLECs (Fig. 5, A—C, middle bars). Pretreat-
ment of platelets with lotrafiban did not attenuate platelet-in-
duced inhibition of hLEC migration, proliferation, and tube
formation (Fig. 5, A—C, compare right and left bars), suggesting
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FIGURE 5. The lack of effect of integrin allbB3 blocker on platelet-in-
duced inhibition of hLEC migration, proliferation, or tube formation.
A, cell migration of hLEC in the presence of buffer, hPIt (1 X 108/ml), lotrafiban
(allbB3 blocker; final concentration, 1 um), or human washed platelets pre-
treated with 10 um lotrafiban (final concentration, 1 X 10%/ml platelets, T um
lotrafiban) was investigated by Boyden-type transwell migration assay.
Quantification of the migration was performed as described under “Experi-
mental Procedures.” The graph illustrates percent change =+ S.E. from base
line (buffer) (n = 10 from four independent experiments). B, cell proliferation
of hLECs in the presence of buffer, platelets, or lotrafiban as described in Awas
investigated by thymidine analog incorporation assay. Quantification of the
migration was performed as described under “Experimental Procedures.” The
graph illustrates percent change = S.E. from base line (buffer) (n = 10 from
fourindependent experiments). C, tube formation of hLECs in the presence of
buffer, platelets, or lotrafiban as described in A was investigated. The images
of tube formation were photographed (left images). Quantification of the
migration was performed as described under “Experimental Procedures.” The
graph on the right illustrates percent change = S.E. from base line (buffer)
(n = 10 from four independent experiments). One, two, and three asterisks
indicate p < 0.05, p < 0.01, and p < 0.005, respectively.

that platelet aggregation is not required for lymph/blood vessel
formation.

As allbB3 blocker did not attenuate platelet-induced inhibi-
tion of hLEC migration, proliferation, and tube formation, we
next investigated the effects of released granule contents from
platelets upon platelet activation. Platelets are activated by the
GPVI agonist poly(PHG). After separation of the activated
platelets, the resultant supernatants were filtered and added to
hLECs. We chose a GPVIagonist to stimulate platelets, because
LECs do not express GPVI. The supernatant significantly inhib-
ited the migration, proliferation, and tube formation of hLECs,
whereas the agonist alone did not affect migration and prolif-
eration (Fig. 6). These findings suggest that the contents of
granules released from activated platelets, but not platelet
aggregates, inhibit LEC migration, proliferation, and tube
formation.

Platelet Granule Contents Inhibited hLEC Migration, Prolif-
eration, and Tube Formation—To characterize the molecule(s)
that is responsible for the inhibition of LEC migration, prolif-
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FIGURE 6. Inhibitory effects of supernatants from activated platelets on
hLEC migration, proliferation, and tube formation. A, cell migration of
hLECs in the presence of buffer, control supernatants (agonist only), or acti-
vated platelet supernatants was investigated by Boyden-type transwell
migration assay. Quantification of the migration was performed as described
under “Experimental Procedures.” The graphillustrates percentchange = S.E.
from base line (buffer) (n = 10 from four independent experiments). B, cell
proliferation of hLECs in the presence of buffer, control supernatant, or acti-
vated platelet supernatant was investigated by thymidine analog incorpora-
tion assay. Quantification of the migration was performed as described under
“Experimental Procedures.” The graph illustrates percent change * S.E. from
base line (buffer) (n = 10 from four independent experiments). C, tube forma-
tion of hLECs in the presence of buffer (PBS), control supernatant, or activated
platelet supernatant was investigated and photographed (upper images).
Quantification of tube formation was performed as described under “Experi-
mental Procedures.” The graph (lower panel) illustrates percent change = S.E.
from base line (buffer) (n = 10 from four independent experiments). One and
three asterisks indicate p < 0.05 and p < 0.005, respectively.

eration, and tube formation, we heated the supernatants from
activated platelets to 100 °C and examined the effects of the
heated supernatants on hLEC function. Heated supernatants
lost their inhibitory effect on hLEC migration (supplemental
Fig. 3A) and proliferation (supplemental Fig. 3B). Heated con-
trol supernatant (poly(PHG)-containing buffer) also had no
effect on migration (supplemental Fig. 3A) and proliferation
(data not shown). These findings suggest that proteins present
in the activated platelet supernatants, which are capable of
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FIGURE 7. Effects of platelet granule contents on hLEC migration, prolif-
eration, and tube formation. A, Western blotting (WB) with anti-BMP-9 anti-
body. The asterisk indicates mature BMP-9. The arrow indicates putative gly-
cosylated mature BMP-9. The arrowhead indicates BMP-9 prepropeptides.
B, cell migration of hLECs in the presence of buffer, 10 ng/ml BMP-9 (BMP), 10
ng/ml TGF-B (TGF), 1.5 ng/ml PF4, 1 ng/ml angiostatin (angio), or 150 ng/ml
endostatin (endo) was investigated by wound closure assay. Quantification of
the migration was performed as described under “Experimental Procedures.”
The graph illustrates percent change =+ S.E. from base line (buffer) (n = 10
from four independent experiments). C, cell proliferation of hLECs in the pres-
ence of buffer, 10 ng/ml BMP-9, 10 ng/ml TGF-B, 1.5 ug/ml PF4, 1 ng/ml
angiostatin, or 150 ng/ml endostatin was investigated by thymidine analog
incorporation assay. Quantification of the proliferation was performed as
described under “Experimental Procedures.” The graph illustrates percent
change = S.E. from base line (buffer) (n = 10 from four independent experi-
ments). D, tube formation of hLECs in the presence of 10 ng/ml BMP-9, 10
ng/ml TGF-B, 1.5 ug/ml PF4, 1 ng/ml angiostatin, 150 ng/ml endostatin, or a
mixture of these molecules (mix). Quantification of the tube formation was
performed as described under “Experimental Procedures.” The graph illus-
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being inactivated by heating, are responsible for the inhibition
of hLEC function.

We next investigated a molecule responsible for platelet-me-
diated inhibition of lymphangiogenesis. We identified TGE-f3,
PF4, angiostatin, and endostatin as probable candidates,
because they have been reported to inhibit lymphangiogenesis
(20-22), and platelets contain these molecules in a-granules.
BMP-9 is a member of the TGF- family that binds to type I and
type II serine-threonine kinase receptors (23). BMP-9 inhibits
basic fibroblast growth factor-stimulated migration and prolif-
eration of bovine aortic endothelial cells (24). BMP-9 also
inhibits the migration and growth of human dermal microvas-
cular endothelial cells (25), suggesting that BMP-9 has an inhib-
itory effect on endothelial cells. BMP-9 is highly expressed in
the liver (26, 27), but its expression in platelets has not been
elucidated to date. Western blotting with an antibody against
BMP-9 showed that platelets expressed both BMP prepropep-
tides of 400525 amino acids (28, 29) (Fig. 7A, lane c, arrow-
head) and mature BMP of 100-140 amino acids (30) (Fig. 74,
lane ¢, asterisk). The recombinant BMP-9 made in Chinese
hamster ovary cells is ~13 kDa (Fig. 7A, lane d), which is con-
sistent with the molecular mass of mature BMP. In addition to
the 50- and 13-kDa bands, platelets have a 25-kDa BMP-9 band
(Fig. 7A, lane c, arrow), which appears to be due to human-
specific post-translational modifications. The 25-kDa BMP-9
was also detected in supernatants from activated platelets,
whereas only a negligible band was detected in supernatants
from resting platelets (Fig. 7A, lanes a and b), suggesting that
BMP-9 is released from activated platelets.

Here, BMP-9, TGF-B, and PF4 significantly inhibited hLEC
migration, whereas angiostatin and endostatin did not (Fig. 7B).
BMP-9 and TGF-f also significantly inhibited hLEC prolifera-
tion, whereas PF4, angiostatin, and endostatin did not (Fig. 7C).
As expected, BMP-9, but not angiostatin or endostatin, signif-
icantly inhibited the tube formation of hLECs (Fig. 7D). How-
ever, although TGEF-f inhibited migration and proliferation, it
did not inhibit tube formation (Fig. 7D). PF4 also inhibited
hLEC migration but did not inhibit tube formation (Fig. 7D).
Under in vivo activation conditions, it is most likely that plate-
lets release almost all of the granule contents at the same time.
The mixture of TGF-B, BMP-9, PF4, angiostatin, and endosta-
tin significantly inhibited tube formation (Fig. 7D); suggesting
that BMP-9 was still able to inhibit tube formation in the pres-
ence of PF4 and endostatin. Thus, we propose that podoplanin
in LECs activates platelets by binding to CLEC-2 in the connec-
tion between the lymph sac and vein during the developmental
stages and that released BMP-9, in conjunction with other
releasates, inhibits migration, proliferation, and tube forma-
tion, which facilitates blood/lymphatic vessel separation.

Anti-BMP-9-neutralizing Antibody Cancelled the Inhibitory
Effects of Activated Platelet Supernatants on LEC Migration,
Proliferation, and Tube Formation—We next investigated
whether BMP-9 is the major secreted mediator for inhibition of
hLEC migration, proliferation, and tube formation using an

trates percent change = S.E. from base line (buffer) (n = 10 from four inde-
pendent experiments). One and three asterisks indicate p < 0.05 and p <
0.005, respectively.
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FIGURE 8. Effects of the anti-BMP-9-neutralizing antibody on inhibition
of hLEC migration, proliferation, and tube formation by platelet granule
contents. A, cell migration of hLECs in the presence of buffer, 10 ug/ml anti-
BMP-9-neutralizing antibody (BMP-9 Ab), supernatants from activated plate-
lets, and supernatants plus 10 wg/ml anti-BMP-9-neutralizing antibody was
investigated by wound closure assay. B, cell proliferation of hLECs in the pres-
ence of buffer, 1 ng/ml the anti-BMP-9-neutralizing Ab, supernatants from
activated platelets, and supernatants plus 1 ug/ml anti-BMP-9-neutralizing
antibody was investigated by thymidine analog incorporation assay. C, tube
formation of hLECs in the presence of buffer, 1 ug/ml anti-BMP-9-neutralizing
Ab, supernatants from activated platelets, and supernatants plus 1 ng/ml
anti-BMP-9-neutralizing antibody was investigated. Quantification of migra-
tion, proliferation, and tube formation was performed as described under
“Experimental Procedures” (migration assay, n = 6 from three independent
experiments; proliferation assay, n = 8 from four independent experiments;
tube formation assay, n = 16 from three independent experiments). The
graph illustrates percent change = S.E. from base line (buffer). One and three
asterisks indicate p < 0.05 and p < 0.005, respectively.

anti-BMP-9 neutralizing antibody. The antibody alone had no
significant effects on hLEC migration, proliferation, and tube
formation, although it showed a tendency to stimulate these
responses (Fig. 8). Inhibition of hLEC migration, proliferation,
and tube formation by platelet supernatants was cancelled in
the presence of the neutralizing anti-BMP-9 antibody (Fig. 8),
suggesting that the inhibitory effects of platelet supernatants
are mainly because of BMP-9.

DISCUSSION

In the present study, we have demonstrated that CLEC-2 in
platelets, but not in other cells, is required for blood/lymphatic
vessel separation. We also have proposed that podoplanin in
LECs activates platelets by binding to CLEC-2 in the connec-
tion between lymph sacs and veins during the developmental
stages and that released BMP-9 from activated platelets, in con-
junction with other releasates, inhibits the migration, prolifer-
ation, and tube formation of LECs, which facilitates blood/lym-
phatic vessel separation.
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In initial studies, RT-PCR analysis has shown CLEC-2 tran-
scripts in peripheral blood mononuclear cells, bone marrow
cells, monocytes, dendritic cells, and granulocytes (31). How-
ever, subsequent studies revealed that the surface expression of
CLEC-2 is limited to in platelets/megakaryocytes (1, 32) in
human blood cells, although it is also expressed in the liver
sinusoid (32, 33). In mice, although an analysis of the SAGE
(serial analysis of gene expression) library derived from mouse
megakaryocytes has revealed that CLEC-2 is one of the most
megakaryocyte-specific and abundant molecules in mega-
karyocytes (34), CLEC-2 is expressed in other blood cells such
as neutrophils (17), macrophages (18), and dendritic cells (35)
in addition to platelets. Therefore, it is conceivable that CLEC-2
in blood cells other than platelets may play a role in blood/
lymphatic vessel separation in mice. To address this issue, we
generated mice with CLEC-2 specifically deleted from platelets.
Specific deletion of CLEC-2 from platelets resulted in blood-
filled, dilated, and tortuous lymphatic vessels (Fig. 1), proving
that platelets regulate blood/lymphatic vessel separation
through CLEC-2. CLEC-2-deficient mice die at the embryonic/
neonatal stage (6, 7), whereas mice that are specifically deleted
of CLEC-2 from platelets survive, suggesting that CLEC-2
expressed in cells other than platelets play a crucial role in
maintaining life at the embryonic/neonatal stage.

We next investigated the mechanism by which CLEC-2 facil-
itates lymph/blood vessel separation. We observed that normal
platelets, but not CLEC-2-deficient platelets, significantly
inhibited the migration, proliferation, and tube formation of
LECs but not those of HUVECs (Figs. 2—4), suggesting that
platelets inhibit lymphangiogenesis by way of CLEC-2. It is
obvious that activation of platelets is required for blood/lym-
phatic vessel separation, because the lack of Syk and SLP-76,
which are necessary in CLEC-2-mediated signal transduction,
results in a misconnection between blood and lymphatic vessels
(8, 9). Platelet activation is likely to be induced by the associa-
tion between CLEC-2 in platelets and podoplanin in LECs,
because mice deficient in either molecule have the misconnec-
tion phenotype (6, 7, 10). Platelet activation leads to two events:
release of granule contents and platelet aggregate formation. A
blocker of integrin allbB3, lotrafiban, inhibits platelet aggrega-
tion. We found that pretreatment of platelets with lotrafiban
did not affect platelet-induced inhibition of lymphangiogenesis
(Fig. 5). We observed CD62P expression and fibrinogen binding
in platelets after seeding on surfaces coated with LECs but not
HUVECs; platelet activation and fibrinogen binding were
encountered in our iz vivo system shown in Fig. 5, although the
fibrinogen binding was very weak, probably due to an absence
of stirring (data not shown). Integrin allbB3-deficient mice, in
which the platelets can release granule contents but cannot
form aggregates, reportedly lack the misconnection phenotype,
consistent with our results. Hence, it is unlikely that platelet
aggregates physically occlude the connection between the
lymph sac and the vein. As it is impossible to specifically inhibit
granule release without inhibiting aggregation, we utilized acti-
vated platelet supernatants, which supposedly contain all of the
granule contents released upon platelet activation, in order to
investigate the role of granule release. We did not use rhodocy-
tin to obtain activated-platelet supernatants because it also
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binds to integrin o231 (36, 37), which is expressed in LECs and
HUVECs (38, 39). We did not use thrombin either, because
endothelial cells express thrombin receptors, proteinase-acti-
vated receptors 1 and 2 (40). Hence, we used supernatants from
platelets stimulated by a GPVI agonist, poly(PHG), as GPVI is
not expressed in LECs or HUVECs (41). The supernatants of
platelets activated through GPVI significantly inhibited the
migration, proliferation, and tube formation of LEC. These
findings suggest that the contents released from granules facil-
itate blood/lymphatic vessel separation and that the inhibitory
effect is not restricted to supernatants from platelets activated
through CLEC-2. It has been reported that kindlin-3-deficient
mice, in which the platelets can release granule contents but
cannot form aggregates, have the misconnection phenotype
(10, 42), which seems to be at odds with our hypothesis. How-
ever, it has recently been demonstrated that kindlin-3 is present
in human endothelial cells derived from various anatomical ori-
gins and that kindlin-3 knockdown results in the impaired for-
mation of tube-like structures in Matrigel (43), leaving open the
possibility that endothelial cell defects can contribute to the
misconnection phenotype. We found that recombinant
CLEC-2 inhibited hLEC migration but not proliferation and
tube formation (supplemental Fig. 2), suggesting that cross-
linking of podoplanin by recombinant CLEC-2 generates acti-
vation signals for cell migration. It has been reported recently
that small interfering RNA depletion of podoplanin expression
in human lung microvascular lymphatic endothelial cells
(HMVEC-LLy) causes a dramatic reduction in directional
migration compared with control siRNA-transfected cells (44).
Podoplanin depletion causes Cdc42 activation and RhoA inhi-
bition, leading to a decrease in HMVEC-LLy migration (44). It
may be possible that podoplanin clustering by recombinant
CLEC-2 regulates the activity of small GTPases and inhibits
LEC migration. However, recombinant CLEC-2 did not inhibit
the proliferation and tube formation of LEC, suggesting that
podoplanin signaling only partly contributes to the inhibition of
LEC functions.

While this manuscript was being reviewed, Finney et al. (45)
reported that platelets inhibit LEC transmigration depending
on CLEC-2, which is consistent with our results (Fig. 2). How-
ever, they report that the application of platelet releasate did
not affect LEC transmigration and that treatment with an anti-
podoplanin plus a secondary cross-linking antibody decreased
VEGEF-C-induced LEC migration (45). These findings suggest
that platelets inhibit LEC migration in vitro by contact-depen-
dent mechanisms. We agree that LEC migration is inhibited
partly due to contact-dependent mechanism, as we also
observed that recombinant CLEC-2 inhibited LEC migration
(supplemental Fig. 2). In our hands, however, platelet releasate
clearly inhibited not only LEC migration but also LEC prolifer-
ation and tube formation (Fig. 6). Finney et al. (45) added plate-
let releasate from platelets stimulated with rhodocytin to the
transmigration well. However, we used supernatants from
platelets stimulated with poly(PHG) but not those from plate-
lets stimulated with rhodocytin, because rhodocytin also binds
to integrin a2B1 (36, 37), which is expressed in LECs and
HUVEC:s (38, 39). The different results may be due to some of
the effects of rhodocytin in the supernatants on LEC migration
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in their experiment. Alternatively, it may be possible that dif-
ferent agonists cause different pattern of granule release from
platelets, leading to the different results. In the present study,
we reported for the first time that BMP-9 is released from acti-
vated platelets. The kinetics of BMP-9 release is an issue to be
addressed in the future.

The next question is which molecule(s) are required for
blood/lymphatic vessel separation. We investigated the effects
of TGER, PF4, angiostatin, and endostatin on lymphangiogen-
esis, because these are cytokines released from platelets and
have been reported to inhibit lymphangiogenesis (20-22). In
addition to these molecules, we identified BMP-9 as a compo-
nent of platelet releasates that affects LEC function. This find-
ing has not been reported elsewhere to the best of our knowl-
edge. Among all of the molecules, BMP-9 had the most potent
inhibitory effects on migration, proliferation, and tube forma-
tion of hLECs (Fig. 7). Angiostatin and endostatin had no effect
on these functions in hLECs (Fig. 7). On the other hand, TGF-3
and PF4 showed inconsistent effects on the hLEC function;
TGE-B inhibited migration and proliferation but not tube for-
mation. PF4 inhibited the migration but not the proliferation
and tube formation of hLECs. The differential effects of these
cytokines on LEC function may have important physiologic
implications, which will be future topics for research. The com-
bination of all of these molecules (BMP-9, TGF-B, PF4,
angiostatin, and endostatin) strongly inhibited tube formation
in hLECs. Their combined administration inhibited hLEC tube
formation by 45%, which was almost equivalent to the inhibi-
tory effect of platelet supernatants on tube formation (Figs. 6C
and 7D). Although other releasates may also be involved in the
regulation of lymphangiogenesis, we suggest that this combina-
tion (BMP-9, TGF-, PF4, angiostatin, and endostatin) plays a
key role in platelet-induced inhibition of lymphangiogenesis in
vivo. Although our data shown in Fig. 7 suggest that BMP-9
plays a key role in platelet-mediated inhibition of lymphangio-
genesis, this is not demonstrated directly. To directly prove a
major role of BMP-9 in platelet-mediated inhibition of lymp-
hangiogenesis, we utilized an anti-BMP-9-neutralizing anti-
body. The anti-BMP-9-blocking antibody cancelled the inhibi-
tory effects of platelet supernatants on hLEC migration,
proliferation, and tube formation (Fig. 8). Among these, hLEC
tube formation was increased in the presence of supernatants
plus antibody (Fig. 8C), proving the major role of BMP-9 in
platelet-mediated inhibition of lymphangiogenesis. The gener-
ation of BMP-9-deficient mice is awaited to prove the major
role of BMP-9 in vivo.

BMP-9 also reportedly inhibits the migration or proliferation
of vascular endothelial cells (24). However, we observed that
platelet supernatant, including BMP-9 and other releasates,
inhibited LEC function (Fig. 6) but not HUVEC function (data
not shown). These findings suggest that the inhibitory effects of
BMP-9 on HUVECs are cancelled by other releasates from acti-
vated platelets. The cancellation of inhibitory effects of BMP-9
on HUVEC migration may also occur in vivo.

Mice deficient in the NF-E2 transcription factor show severe
thrombocytopenia but fail to develop the misconnection phe-
notype (46). This finding apparently contradicts the hypothesis
that platelets regulate the separation. However, these mice pro-
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duce a few platelet-like particles, which can express P-selectin,
an a-granule membrane protein, in response to thrombin (47).
Itis conceivable that a small number of platelets may be enough
for blood/lymphatic separation, because the key factor for the
separation is granule release, not platelet aggregates, which may
require a large number of platelets to physically seal the orifice
between lymph sacs and veins. Myeloid ecotropic viral integra-
tion site 1 (Meisl)-deficient mice or PF4-Cre;Rosa26R-LacZ-
bpa-DTA transgenic mice, both of which completely lack
megakaryocyte/platelets, show the misconnection phenotype
(48), suggesting that the notion that a complete lack of platelets
is responsible for misconnection.

Normal platelets, but not CLEC-2-deficient platelets, signif-
icantly inhibited the migration, proliferation, and tube forma-
tion of LECs, whereas normal platelets as well as CLEC-2-defi-
cient platelets did not inhibit those of HUVECs (Figs. 2—4).
Platelets and platelet releasates have been shown to have proan-
giogenic effects in various models of angiogenesis (reviewed in
Ref. 49). For example, platelets or platelet releasates stimulate
HUVEC proliferation, migration, and tube formation in vitro
(50, 51). We also observed that platelets significantly increased
HUVEC migration (Fig. 2). Moreover, the slightly thickened
walls of HUVEC tubes were observed in the presence of plate-
lets (Fig. 4B), which may be a part of the proangiogenic effect of
platelets. HUVEC tube formation was not inhibited either by
intact platelets (Fig. 4B) or by supernatants from activated
platelets (data not shown), suggesting that LECs and HUVECs
respond differently to platelet releasates.
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