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Essential in Vivo Roles of the C-type Lectin Receptor CLEC-2
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MISCONNECTIONS AND IMPAIRED THROMBUS FORMATION OF CLEC-2-DEFICIENT

PLATELETS™®*

Received for publication, April 5, 2010, and in revised form, May 11,2010 Published, JBC Papers in Press, June 4, 2010, DOl 10.1074/jbc.M110.130575

Katsue Suzuki-Inoue,”' Osamu Inoue,”'* Guo Ding,” Satoshi Nishimura,“* Kazuya Hokamura,” Koji Eto,’
Hirokazu Kashiwagi,” Yoshiaki Tomiyama,’ Yutaka Yatomi, Kazuo Umemura,” Yonchol Shin,* Masanori Hirashima,’

and Yukio Ozaki”

From the °Department of Clinical and Laboratory Medicine, Faculty of Medicine, University of Yamanashi, 1110 Shimokato, Chuo,
Yamanashi 409-3898, the "Division of Vascular Biology, Department of Physiology and Cell Biology, Kobe University Graduate
School of Medicine, 7-5-1 Kusunoki-cho, Chuo-ku, Kobe, I;Iyogo 650-0017, the Departments of “Cardiovascular Medicine and
/Laboratory Medicine, Graduate School of Medicine, and “Translational Systems Biology and Medicine Initiative, The University of
Tokyo and *PREST, Japan Science and Technology Agency, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, the ‘Department of
Pharmacology, Hamamatsu University School of Medicine, 1-20-1 Handayama, Hamamatsu-shi, Sizuoka 431-3192, 9The Stem
Cell Bank, Center for Stem Cell Biology and Regenerative Medicine, The Institute of Medical Science, The University of Tokyo,

4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, the "Department of Haematology and Oncology, Graduate School of Medicine
C9, Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, the 'Department of Blood Transfusion, Osaka University Hospital,
2-15 Yamadaoka, Suita, Osaka 565-0879, and the “Department of Applied Chemistry, Faculty of Engineering, Kogakuin University,

2665-1 Nakano, Hachioji, Tokyo 192-0015, Japan

CLEC-2 has been described recently as playing crucial roles in
thrombosis/hemostasis, tumor metastasis, and lymphangiogen-
esis. The snake venom rhodocytin is known as a strong platelet
activator, and we have shown that this effect is mediated by
CLEC-2 (Suzuki-Inoue, K., Fuller, G. L., Garcia, A., Eble, J. A.,
Pohlmann, S., Inoue, O., Gartner, T. K., Hughan, S. C., Pearce,
A. C, Laing, G. D., Theakston, R. D., Schweighoffer, E., Zitz-
mann, N., Morita, T, Tybulewicz, V. L., Ozaki, Y., and Watson,
S. P. (2006) Blood 107, 542-549). Podoplanin, which is
expressed on the surface of tumor cells, is an endogenous ligand
for CLEC-2 and facilitates tumor metastasis by inducing platelet
aggregation. Mice deficient in podoplanin, which is also expressed
on the surface of lymphatic endothelial cells, show abnormal pat-
terns of lymphatic vessel formation. In this study, we report on the
generation and phenotype of CLEC-2-deficient mice. These mice
are lethal at the embryonic/neonatal stages associated with disor-
ganized and blood-filled lymphatic vessels and severe edema.
Moreover, by transplantation of fetal liver cells from Clec-2~'~ or
Clec-2*'"* embryos, we were able to demonstrate that CLEC-2 is
involved in thrombus stabilization in vitro and in vivo, possibly
through homophilic interactions without apparent increase in
bleeding tendency. We propose that CLEC-2 could be an ideal
novel target protein for an anti-platelet drug, which inhibits path-
ological thrombus formation but not physiological hemostasis.
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The C-type lectin receptors are now established as multi-
functional molecules in the field of cell adhesion, endocytosis,
and pathogen recognition (1, 2). CLEC-2 (C-type lectin-like
receptor-2) has been described recently as playing crucial roles
in thrombosis/hemostasis, tumor metastasis, and lymphangio-
genesis based on the following findings, reported mainly by us.
(i) The snake venom rhodocytin is known as a strong platelet
activator, and this effect has been shown to be mediated by
CLEC-2 (3). (ii) Podoplanin is an endogenous ligand for
CLEC-2, is expressed on the surface of tumor cells, and facili-
tates tumor metastasis by inducing platelet aggregation (4, 5).
(iii} Mice deficient in podoplanin, which is expressed on the
surface of lymphatic endothelial cells, show defects in lym-
phatic vessel pattern formation (6).

We havealso reported that an anti-podoplanin antibody that
blocks CLEC-2/podoplanin interaction inhibits tumor metas-
tasis in an experimental lung metastasis model in mice, suggest-
ing that CLEC-2 facilitates tumor metastasis through associa-
tion with podoplanin (7). However, podoplanin is also
expressed on the surface of lymphatic endothelial cells, kidney
podocytes, and type I alveolar cells (8, 9). We and others found
previously that podoplanin on the surface of lymphatic endo-
thelial cells also induces platelet aggregation (4, 5). The physi-
ological significance of this receptor/ligand interaction remains
to be elucidated because lymphatic endothelial cells are not in
direct contact with platelets under physiological conditions.
However, it may be of great importance during organ develop-
ment or under pathological conditions. It was reported previ-
ously that podoplanin-deficient mice have defects in lymphatic
vessel pattern formation (6). The intracellular signaling mole-
cules Syk (spleen tyrosine kinase) and SLP-76 (SH2 domain-
containing leukocyte protein of 76 kDa) in platelets are requi-
sites for rhodocytin-induced platelet activation mediated
through CLEC-2 (3) and regulate blood and lymphatic vascular
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CLEC-2 Regulates Thrombus Formation and Lymphangiogenesis

separation, although these signaling molecules are not detected
in the endothelium (10). This finding implies that Syk and
SLP-76 work by way of blood cells. Moreover, blood/lymphatic
misconnection is observed in mice deficient in endothelial cell
O-glycan (11), the presence of which is required for podopla-
nin-induced platelet aggregation (4). Taken together, these
findings lead to a hypothesis that podoplanin-induced platelet
activation through CLEC-2 may regulate proper formation of
lymphatic vessels. To address this issue, the generation of
CLEC-2-deficient mice has been ardently awaited.

The powerful platelet-activating ability of CLEC-2 and its
relatively specific expression in platelets and megakaryocytes
imply that CLEC-2 also plays an important role in thrombosis
and hemostasis. However, neither podoplanin nor rhodocytin
can stimulate platelets within blood vessels. In addition,
CLEC-2 ligands that play a role in thrombosis and hemostasis
are not known. Therefore, the generation of CLEC-2-deficient
mice has been awaited to reveal arole for CLEC-2in thrombosis
and hemostasis.

In this study, for the first time, we report on the generation
and phenotype of CLEC-2-deficient mice. These mice are lethal
at the embryonic/neonatal stage with blood/lymphatic miscon-
nections. Moreover, by transplantation of fetal liver cells from
Clec-27"" or Clec-2"'" embryos, we were able to demonstrate
that CLEC-2 is involved in thrombus stabilization, possibly
through homophilic interactions.

EXPERIMENTAL PROCEDURES

Generation of Mice—A targeting vector to generate CLEC-2-
deficient mice was designed so that part of exon 1 flanked by
two loxP sites could be deleted by expression of Cre protein
(supplemental Fig. 14). ES* cells from C57BL/6 mice were
transfected with this targeting vector, G418-resistant clones
were screened by PCR, and positive clones were subjected to
Southern blot analysis using a 3'-probe (supplemental
Fig. 1, A and B). Nine ES clones were obtained containing the
appropriately targeted disrupted allele and injected into blasto-
cysts. Germ line transmission confirmed by PCR and Southern
blotting was obtained in six independent ES cell clones (here-
after referred to as Clec-2"*/*). We crossed a Clec-2"%**
mouse with a mouse that systemically expresses Cre recombi-
nase to generate Clec-2*/~ mice. The heterozygous mice were
~ phenotypically normal and were bred to obtain homozygous

mice for the allele containing the disrupted exon 1 of the Clec-2
gene. For analysis of genotypes of Clec-2 floxed mice, DNA was
subjected to 30 cycles of amplification, with each cycle consis-
ting of 20 s at 94 °C and 7 min at 62 °C, followed by an extension
of 10 min at 74 °C on a thermal cycler using the long F2 and
exon R primers, and PCR products were separated by 7.5%
acrylamide gels (supplemental Fig. 14). The WT allele gave a
229-bp band, whereas the floxed allele gave a 269-bp band by
primers b and ¢ (supplemental Fig. 1C). For analysis of geno-

“4The abbreviations used are: ES, embryonic stem; WT, wild-type; FITC, fluo-
rescein isothiocyanate; E, embryonic day; PBS, phosphate-buffered saline;
GP, glycoprotein; PE, phycoerythrin; vVWF, von Willebrand factor; BSA,
bovine serum albumin; TRITC, tetramethylrhodamine isothiocyanate;
PPACK, p-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone; FcR, Fc
receptor.
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types of CLEC-2 null mice, DNA was subjected to 30 cycles of
amplification, with each cycle consisting of 20 s at 94 °C and 7
min at 60 °C, followed by an extension of 10 min at 74°Con a
thermal cycler using the long F1 and exon R (733-bp band)
primers for the WT allele and the neo R and long F2 (871-bp
band) primers for the deleted allele, and PCR products were
separated on 0.8% agarose gels (supplemental Fig. 1, A and D).

Lymphangiography—To visualize functional lymphatic ves-
sels, FITC-dextran (Sigma; 2000 kDa; 8 mg/ml in PBS) was
injected subcutaneously into the back of the embryonic fore-
limb. Lymphatic flow carrying FITC-dextran in embryos was
analyzed by fluorescence microscopy (12).

Microscopy—Embryos were photographed at autopsy. For
routine histology, embryos were fixed in 3.7% formalin and
embedded in paraffin. Sections were stained with hematoxylin
and eosin.

For immunohistochemistry, deparaffinized sections were
stained with rabbit anti-mouse LYVE-1 antibody (Abcam Inc.)
using Simplestain® mouse MAX-PO (rabbit; Nichirei Corp.)
according to the manufacturer’s instruction. For confocal
microscopy, embryos (E17.5) were fixed overnight in 4%
paraformaldehyde at room temperature; washed; and cryopro-
tected with 10% sucrose for 2 h, 20% sucrose for 2 h, and 40%
sucrose overnight. The samples were then mounted in OCT
(optimal cutting temperature) compound (Sakura Finetek).
Cryosections (~10 um) were incubated overnight at 4 °C with
biotin-conjugated goat anti-mouse LYVE-1 antibody (R&D
Systems), rat anti-mouse PECAM-1 (platelet endothelial cell
adhesion molecule-1) monoclonal antibody (clone MEC13.3,
BD Biosciences), and Cy3-conjugated anti-a-smooth muscle
actin monoclonal antibody (clone 1A4, Sigma); developed with
Cy5-labeled streptavidin (Invitrogen) and Alexa Fluor 488-con-
jugated donkey anti-rat IgG (Invitrogen) for 2 h at room tem-
perature; and mounted with ProLong Gold mounting medium.
The samples were analyzed by confocal laser-scanning micros-
copy using an Olympus FV-1000 microscope.

For immunohistochemical analysis of embryonic back skin,
whole embryos were dissected between E14.5 and E17.5 and
fixed overnight at 4 °C in 4% paraformaldehyde/PBS. The back
skin was peeled off and further fixed overnight at 4 °C in 4%
paraformaldehyde/PBS. Tissues were washed twice with PBS
containing 0.2% Triton X-100 (PBS/T) at 4°C for 30 min;
blocked in PBS/T containing 1% bovine serum albumin at room
temperature for 1 h; and stained overnight with American ham-
ster anti-mouse PECAM-1 (clone 2H8, Chemicon), rabbit anti-
mouse LYVE-1 (RELIATech), and rat anti-mouse TER-119
(clone TER-119, BD Biosciences) antibodies in blocking solu-
tion at 4 °C. Tissues were washed with PBS/T for 30 min three
times at 4 °C and twice at room temperature, followed by over-
night staining with Cy3-conjugated anti-American hamster
IgG and Cy5-conjugated anti-rat IgG (Jackson Immuno-
Research Laboratories) or Alexa Fluor 488-conjugated anti-
rabbit IgG (Invitrogen) in blocking solution at 4 °C. Tissues
were washed with PBS/T for 30 min three times at 4 °C and
twice at room temperature. The back skin was flat-mounted
on slide glasses in ProLong Antifade (Invitrogen). Confocal
microscopy was carried out on an Olympus FV-1000
microscope.
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Fetal Liver Transplantation—CLEC-2-deficient irradiated
chimeric mice were generated as follows. Seven- to ten-week-
old C57BL/6 male mice that had been kept on acidified water
for one week and then on 0.017% enrofloxacin in water for 3
days were given two irradiations of 500 rads from a *°Co source
3 h apart (13). The mice were then rescued by intravenous
injection of 1.0 X 10° fetal liver cells from Clec-2~/" or control
embryos at E13.5. The reconstituted mice were kept on 0.017%
enrofloxacin in water for 3 weeks following irradiation and
were used for experiments no fewer than 7 weeks following
irradiation.

Platelet Preparation—Mice were killed with diethyl ether,
and blood was drawn by postcava puncture and taken into 100
pl of acid/citrate/dextrose. Washed murine platelets were
obtained by centrifugation as described previously using pros-
tacyclin to prevent activation during the isolation procedure
(14). Washed platelets were resuspended in modified Tyrode’s
buffer (14) at the indicated cell densities.

Generation of Rabbit anti-Mouse CLEC-2 Antibody—The
recombinant extracellular domain of mouse CLEC-2 expressed
as a dimeric rabbit immunoglobulin Fc domain fusion protein
(mCLEC-2-rFc2) was generated as described previously (4). A
purified polyclonal antibody specific for mouse CLEC-2 was
purified by protein A-Sepharose (GE Healthcare) from the
serum of a Japanese White rabbit after six immunizations with
mCLEC-2-rFc2.

Western Blotting—Western blotting was performed as
described previously (14). Briefly, washed murine platelets
(2.0 X 10%/ml) were dissolved in SDS sample buffer, separated
by 4-12% SDS-PAGE, electrotransferred, and Western-blotted
with anti-mouse CLEC-2 antibody.

Platelet Aggregation—Rhodocytin was purified as described
previously (15). Poly(PHG), a specific GPVI agonist, was gener-
ated as described previously (16). 300 ul of washed platelets
(2.0 X 10%/ml) from CLEC-2 or WT chimeras was used for
aggregation studies. The washed platelets were stimulated by
rhodocytin (20 nm), collagen (1 ug/ul; Nycomed), U46619 (0.5
uM; Merck), ADP (5 um; MC Medical), and PAR-4 (50 um;
Sigma), and platelet aggregation was monitored by light trans-
mission using a Born aggregometer (PA-100, Kowa) with high
speed stirring (1200 rpm) at 37 °C for 10 min.

Flow Cytometry—Whole blood drawn from mice as
described above was diluted 15-fold using modified Tyrode’s
buffer. 25 ul of the diluted whole blood was incubated with
Cy2-labeled anti-mouse CLEC-2, Cy2-labeled control rabbit
IgG, PE-labeled control rat IgG (Emfret Analytics), FITC-la-
beled control rat IgG (Emfret Analytics), FITC-labeled anti-
mouse GPVI (clone JAQ-1, Emfret Analytics), FITC-labeled
anti-mouse integrin allb (Emfret Analytics), PE-labeled anti-
mouse GPIba (Emfret Analytics), FITC-labeled anti-mouse
PECAM-1 (BD Biosciences), PE-labeled anti-mouse integrin
a2 (clone HMa2, BD Biosciences), FITC-labeled control ham-
ster IgG (Serotec), and FITC-labeled integrin 1 (Serotec) anti-
bodies for 15 min at room temperature. For analysis of activated
integrin olIbf3, 25 ul of diluted whole blood was stimulated
with the indicated platelet agonists (20 nm rhodocytin, 20
wg/ml poly(PHG), 50 ug/ml collagen, 50 um U46619, 40 um
ADP, and 100 um PAR-4) for 5 min at room temperature, fol-
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lowed by the addition of anti-activated mouse integrin ollb33
(clone Jon-A, Emfret Analytics) for 5 min at room temperature.
For analysis of CD62P expression, 25 ul of washed platelets (5 X
107/ml) was used. Reactions were terminated by the addition of
400 pl of PBS, and the samples were then analyzed using a
FACScan (BD Biosciences) and a CellQuest software (BD Bio-
sciences). For detection of soluble mCLEC-2-rFc2 binding to
platelets, WT or CLEC-2-deficient platelets (3 X 10%/ml) were
stimulated with or without 50 um PAR-4 peptides for 5 min
under non-stirring conditions. They were then incubated with
50 ug/ml recombinant mCLEC-2-rFc2 or rFc2 for 20 min.
After washing with modified Tyrode’s buffer, these cells were
resuspended with 100 pl of PBS and stained with 2 ul of FITC-
labeled anti-rabbit IgG (BD Biosciences) for 15 min. Stained
cells were analyzed immediately using a FACScan and
CellQuest software. Where indicated, quantification of the sol-
uble protein binding was performed using median fluorescence
intensity, and the data were expressed as the means *+ S.E.

Measurement of Serotonin Release—Washed platelets (3 X
10%/ml) from WT or CLEC-2 chimeras were stimulated with or
without 20 nm rhodocytin, 20 pg/ml poly(PHG), or 50 ug/ml
collagen for 5 min under non-stirring conditions. After spin-
ning down the platelets, the serotonin concentration of 15 ul of
the supernatant was measured using a 5-hydroxytryptamine
enzyme-linked immunosorbent assay kit (DLD Diagnostika
GmbH) according to the manufacturer’s instructions.

Platelet Adhesion Assay—Coverslips were coated overnight
at 4 °C with 50 pg/ml laminin, 50 ug/ml collagen, 200 ug/ml
fibrinogen, 100 ug/ml vWF, 250 ug/ml rFc2, or 250 pug/ml
mCLEC-2-rFc2. After washing twice with PBS, the coverslips
were blocked with 1% fatty acid-free purified BSA in PBS for 2h
at room temperature and then rinsed with modified Tyrode’s
buffer. BSA-coated coverslips were prepared as a negative con-
trol. Washed murine platelets (3.0 X 10”/ml) were seeded on
the coverslips for 30 min at room temperature in the presence
or absence of 10 um ADP. After removal of unbound platelets,
coverslips were washed with modified Tyrode’s buffer, and
adherent platelets were then fixed in 3% paraformaldehyde for
30 min at room temperature, permeabilized with 0.3% Triton
X-100 for 5 min, and stained with TRITC-conjugated phalloi-
din for 2 h as described previously (17). Platelets were visualized
using an inverted fluorescence microscope (IX71, Olympus)
equipped with a 100X/1.30 objective lens, a monochromatic
light source, and a DP-70 digital camera (Olympus). At least six
images from two independent experiments were chosen at ran-
dom per experiment and analyzed by two individuals, one of
whom performed the analysis under blind conditions. Adher-
ent platelets were counted (0.006 mm?/image), and the platelet
surface area was analyzed using NIH Image for Macintosh. Sta-
tistical significance was evaluated by Student’s ¢ test. In each
case, p values <0.05 were taken as the minimum to indicate
statistical significance.

Flow Adhesion Assay-—Whole blood from WT or CLEC-2
chimeras was collected into a syringe and anticoagulated with
40 um PPACK and 5 units/ml heparin. Capillary tubes (0.3 X
1.2 mm, 50 mm long) were coated overnight at 4 °C with 50
pg/ml collagen. Capillaries were washed and blocked with PBS
containing 2% BSA for 2 h at room temperature. They were
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B) Rt forelimb - radial

CLEC-2**

CLEC-2*

FIGURE 1. Lymphatic function is impaired in Clec-2~/~ embryos. A, lateral views of E15.5 Clec-27/" (left) and
Clec-2*"* (right) embryos.Back edema in the Clec-2~/~ embryo is indicated by the arrow. B, lymphangiography
by injection of FITC-dextran into the forelimbs of Clec-2*/* (upper panel) and Clec-2"/~ (lower panel) embryos
at E17.5. Injection sites on the forelimbs are indicated by the arrows. The arrowheads indicate visualized col-
lecting lymphatic vessels in the Clec-2*"* embryo. The schematics on the right illustrate the visualized collect-
mice (upper panel) and injection sites in Clec-2""* (upper panel)and Clec-2~"

ing lymphatic vessel in Clec-2"*

(lower panel) embryos (arrow). Rt, right.

then rinsed with modified Tyrode’s buffer supplemented with 2
mM CaCl, and 1 unit/ml heparin and connected to a syringe
filled with the anticoagulated blood that had been pretreated
with 5 pMm 3,3’-dihexyloxacarbocyanine iodide for 30 min.
Blood was perfused into capillaries at 2000 s ™%, and adherent
platelets were visualized using a fluorescence video micro-
scope (IX71). Where indicated, 10 um ADP was co-infused
with the anticoagulated blood shortly before entrance into
the capillary tubes. Movie data were converted into sequen-
tial photo images. For measurement of thrombus volume,
capillaries with thrombus were visualized using an Olympus
FV-1000 confocal microscope. The data were analyzed using
FluoView software (Olympus), and thrombus volume was
expressed as integrated fluorescence intensity. Platelet con-
centrations were counted 1 week before the experiments so
that platelet counts were same between WT and CLEC-2
chimeras.

Intravital Microscopy and Thrombus Formation—To visu-
ally analyze thrombus formation in the microcirculation of the
mesentery in living animals, we used in vivo laser injury and
visualization techniques developed through modification of
conventional methods (18, 19). Male mice were anesthetized by
injection with urethane (1.5 g/kg), and a small incision was
made so that the mesentery could be observed without being
exteriorized. FITC-dextran (5 mg/kg of body weight) was
injected into mice to visualize cell dynamics, whereas hemato-
porphyrin (1.8 mg/kg for capillary thrombi and 2.5 mg/kg for
arterioles) was injected to produce reactive oxygen species
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upon laser irradiation. Blood cell
dynamics and production of thrombi
were visualized during laser excita-
tion (488-nm wavelength, 30-milli-
watt power). Sequential images were
obtained for 20 s at 30 frames/s using
a spinning-disk confocal microscope
(CSU-X1, Yokogawa Electronics) and
an electron-multiplying charged cou-
pled device camera (iXon, Andor
Technology). Platelet concentrations
were counted 1 week before the
experiments so that platelet counts
were same between WT and CLEC-2
chimeras.

Tail Bleeding—Mice were anes-
thetized with 3.5% Sevoflurane and
0.5 liter/min O, through a face mask
throughout the experiment. We laid
each mouse on its stomach and
arranged the tail horizontally with
the tip hanging over the edge of the
bench. We then cut off the tip of the
tail (1 mm in length) with a sharp
razor blade. The volume of blood
lost during the 20-min experiment
was measured. After surgical suture
of the tail wound, we let the mice
recover from anesthesia. Platelet
concentrations were counted 1
week before the experiments so that platelet counts were same
between WT and CLEC-2 chimeras.

Surface Plasmon Resonance Spectroscopy—The recombinant
extracellular domain of human or mouse CLEC-2 expressed as
a dimeric human or rabbit immunoglobulin Fc domain fusion
protein (hCLEC-2-rFc2 and mCLEC-2-rFc2) was generated as
described previously (4). A specific homophilic interaction
between hCLEC-2-rFc2 or mCLEC-2-rFc2 was analyzed using
a Biacore X system (Biacore AB, Uppsala, Sweden). Ligands
(avpB3, a2p1, CD62P, LIMP-II (lysosomal integral membrane
protein-II), TSP-1, PEAR-1 (platelet endothelial aggregation
receptor 1) (all purchased from R&D Systems), hCLEC-2-rFc2,
and mCLEC-2-rFc2) were covalently coupled to a CM5 chip
(Biacore AB) using an amine coupling kit (Biacore AB) accord-
ing to the manufacturer’s instructions (20). Regeneration of the
protein-coated surfaces was achieved by running 10 pl of 10
mym HC] thorough the flow cell at 20 yl/min twice. A control
surface was reacted with rFc2 and then blocked with ethanola-
mine. hCLEC-2-rFc2 or mCLEC-2-rFc2 in 10 mm HEPES,
0.15 M NaCl, 3 mm EDTA, and 0.005% Tween 20 (pH 7.4) (Bia-
core AB) at several concentrations was perfused over the con-
trol surface or an immobilized hCLEC-2-rFc2 or mCLEC-2-
rEc2 surface at a flow rate of 20 ul/min at 25 °C, and the
resonance changes were recorded. The response from the
hCLEC-2-rFc2 or mCLEC-2-rFc2 surface was subtracted from
that of the control surface. The dissociation constants (K,) were
determined using BIAevaluation software.
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mice survived after 8 weeks of age,
suggesting that Clec-2~/~ mice are
lethal at the embryonic/neonatal
stage. There were fewer heterozy-
gotes than predicted by Mendelian
inheritance (supplemental Table 1).
We do not have any direct evidence
to explain this phenomenon. It is
plausible that the heterozygotes
may also have some developmental
abnormality related to lymphatic
vessels that causes intrauterine
death of some pups. This needs fur-
ther investigation.
CLEC-2-deficient Mice Exhibit
Disorganized Vasculature and Im-
paired Lymphatic Function—To
investigate the cause of the embry-
onic or neonatal lethality of
CLEC-2-deficient mice, we exam-
ined Clec-27/~ embryos. Cutane-
ous hemorrhagic appearance was the
most striking phonotype observed in
CLEC-2-lacking embryos (Fig. 1A),
which was first noted at E12.5-E13.5.
Edema was observed in the back skin
in CLEC-2-deficient embryos (Fig.

Merge
+phase confrast

FIGURE 2. Developing lymphatic circulation in mice lacking CLEC-2 communicates with the blood circu-
lation. A, mesenteric sections of E15.5 Clec-2"/* (upper panels) and Clec-2~/~ (lower panels) embryos stained
with hematoxylin and eosin (HE; left panels) and LYVE-1 (right panels). B, confocal images of intestinal cryosec-
tions of E17.5 Clec-2*"* (upper panels) and Clec-2~"~ (lower panels) embryos with antibodies against PECAM-1,
a-smooth muscle actin (w-SMA), and LYVE-1. L, lymphatic vessels; V, vein; A, arteries. The arrows indicate blood

14, arrow), implying impaired lym-
phatic drainage. We assessed lym-
phatic function by infusing 2000-kDa
FITC-dextran into embryonic limbs.

cells.

RESULTS

Generation of CLEC-2-deficient Mice—A targeting vector to
generate CLEC-2-deficient mice was designed so that part of
exon 1 flanked by two loxP sites could be deleted by expression
of Cre protein (supplemental Fig. 1A4). Nine ES clones were
obtained, which contained the appropriately targeted allele,
and were injected into C57BL/6 blastocysts. Southern blot
analysis confirmed the presence of the targeted locus
(supplemental Fig. 1, A and B). Germ line transmission was
obtained from six independent ES cell clones (hereafter
referred to as Clec-2%*/*), We crossed a Clec-27*/* mouse
with a mouse that systemically expresses Cre recombinase to
generate Clec-2"/~ mice. Germ line transmission was con-
firmed by PCR and Southern blotting. The heterozygous mice
were phenotypically normal and were bred to obtain homozy-
gous mice for the allele containing the disrupted exon 1 of the
Clec-2 gene.

Genotype analysis of embryos from heterozygous inter-
crosses at E13.5 showed the expected numbers of Clec-27/~
embryos. However, the percentage of the knock-out embryos
dropped to less than expected at E15.5 (supplemental Table 1).
We analyzed genotypes of 326 newborn mice and found that
the percentage of the knock-out mice was only 9.8%
(supplemental Table 1). Moreover, most of the Clec-2~/~ pups
died shortly after birth, and only two Clec-2~/~ mice of 326
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Lymphangiography showed normal

collecting lymphatic vessels immedi-
ately after dye infusion in WT mice at E17.5 (Fig. 1B, upper inlet,
arrow), whereas dye uptake was not found even 10 min after injec-
tion (lower inlet), suggesting functional defects in lymphatic drain-
age of Clec-2~'~ embryos.

Histological analysis of the mesentery of CLEC-2-deficient
embryos revealed that peripheral blood cells were present
within thin-walled vessels that stained for LYVE-1, a molecular
marker of lymphatic endothelial cells, whereas there were no
blood cells in LYVE-1-positive vessels in WT embryos (Fig. 24).
Triple fluorescence staining for smooth muscle actin and
PECAM-1 (but not for LYVE-1) revealed that only blood ves-
sels, but not lymphatic vessels, contained blood cells in WT
embryos (Fig. 2B). On the other hand, lymphatic vessels as well
as blood vessels contained blood cells in CLEC-2-deficient
embryos (Fig. 2B). These findings indicate that CLEC-2-defi-
cient mice have blood-filled lymphatic vessels.

To investigate the network formation of blood and lymphatic
vessels, we performed whole-mount triple fluorescence confo-
cal microscopy of embryonic back skin using antibodies to
PECAM-1, LYVE-1, and TER-119 (a molecular marker of
erythrocytes). Triple staining revealed that the dilated lym-
phatic vessels in CLEC-2-deficient embryos contained erythro-
cytes, whereas those in WT embryos did not contain blood,
further confirming the blood-filled lymphatic vessels in Clec-
27/~ embryos. In CLEC-2-deficient embryos, lymphatic vessels
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FIGURE 3. Blood-filled disorganized lymphatic vessels and abnormal connection between blood and
lymphatic vessels in Clec-2~/~ embryos. Whole-mount triple fluorescence confocal microscopy of embry-
onic back skin was performed with antibodies to PECAM-1 (red), LYVE-1 (green), and TER-119 (blue) atE14.5 (A-])
and E175 (J-L). A-F, whereas blood vessels visualized by PECAM-1 staining appear unaffected in Clec-2™/~
embryos, lymphatic vessels visualized by LYVE-1 staining are disorganized and distended in Clec-2™/~
embryos. Lymphatic vessels are filled with TER-119" erythrocytes (arrows) in Clec-2""~ embryos. G-L, abnor-
mal connection sites (arrowheads) between blood and lymphatic vessels were detected in Clec-2"/~ embryos.

Scale bars = 100 um.

stained for LYVE-1 and PECAM-1 exhibited a dilated, tortu-
ous, and rugged appearance, which was in contrast to the nar-
row, straight, and smooth appearance observed in WT embryos
(Fig. 3, A-F). This analysis also revealed anastomotic sites of
blood and lymphatic vessels in CLEC-2-deficient embryos at
E14.5 (Fig. 3/) and at E17.5 (Fig. 3L).

Upon CLEC-2 simulation of platelets with rhodocytin or
podoplanin, the tyrosine kinase Src phosphorylates a single
YXXL motif in its cytoplasmic domain. The tyrosine kinase Syk
then binds to the phosphorylated YXXL motif through its SH2

BEpe\
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X tion, followed by tyrosine phosphor-
ylation of the adaptor proteins
SLP-76 and LAT (linker for activa-
tion of T cells). Phospholipase Cy2
is finally activated, which results in
Ca®" increase and platelet aggrega-
tion. We and others have reported
previously that Src, Syk, LAT, SLP-
76, and phospholipase Cy2 are nec-
essary for CLEC-2-mediated signal
transduction (3, 21, 22). Disorga-
nized and blood-filled lymphatic
vessels observed in CLEC-2-defi-
cient embryos were also observed in
embryos deficient in Syk or SLP-76
(10) or phospholipase Cy2 (23).
These molecules are also necessary
for signal transduction pathways
mediated by the collagen recep-
tor GPVI/FcR +vy-chain. However,
blood-filled lymphatic vessels were
notobserved in mice deficientin the
GPVI/FcR vy-chain but only in
CLEC-2-deficient mice, suggesting
that platelet activation through
CLEC-2, but not through the GPVI/
FcR y-chain, is important for blood/
lymphatic vessel separation. We
propose that CLEC-2 is essential for
blood/lymphatic vessel separation,
which is necessary for the survival of
murine embryos.

Platelets Deficient in CLEC-2
Lack Rhodocytin-induced Platelet
Activation but Show Normal Re-
sponses to Other Agonists or Extra-
cellular Matrices—Because Clec-
27" mice exhibited embryonic
and neonatal lethality, we pro-
duced irradiated chimeric animals
that had been rescued by fetal liver
transplantation to investigate a
role of CLEC-2 in thrombosis and
hemostasis. Mice rescued with
WT fetal liver are referred as WT
chimeras, and those rescued with
CLEC-2-deficient fetal liver are
referred as CLEC-2 chimeras. Immunoblotting (Fig. 44) and
flow cytometry for CLEC-2 (Fig. 4B) confirmed successful
reconstitution. CLEC-2-deficient platelets expressed major
membrane proteins such as integrins olIIb83 and «2p1,
GPIb/IX/V, and PECAM-1 at levels similar to WT platelets
(supplemental Fig. 2).

In the process of physiological thrombus formation, the ini-
tial contact of platelets (tethering) to collagen exposed at sites
of vessel injury is mediated predominantly by the interaction
between platelet GPIb and vWF adhered to collagen, which is
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CLEC-2 Regulates Thrombus Formation and Lymphangiogenesis

essential under high shear rates. In the next step, GPVI/colla-
gen interactions initiate cellular activation, followed by shifting
of integrins to the high affinity state and the release of second-
wave agonists, most importantly ADP and thromboxane A,
(24). Released ADP and thromboxane A, amplify integrin acti-
vation on adherent platelets and flowing platelets, which results
in platelet/platelet interaction through activated integrin
alIbp3/fibrinogen interaction, leading to thrombus growth.
Therefore, we sought to investigate the responses of CLEC-2-
deficient platelets to those agonists or extracellular matrices
that participate in physiological thrombus formation. CLEC-2-
deficient platelets failed to aggregate in response to rhodocytin,
a CLEC-2-activating snake venom, but they fully aggregated
upon stimulation with other clas-

sical agonists, including ADP, A)
U46619, collagen, and poly(PHG) (a
GPVI-specific agonist peptide) (16)
and thrombin receptor PAR-4-acti-
vating peptide (Fig. 4C). Flow cyto-
metric analysis of integrin ollbg3
activation and P-selectin exposure,
a marker of a-granule release, con-
firmed that CLEC-2 deficiency had
no significant effect on platelet acti-
vation by ADP, U46619, poly(PHG),
and PAR-4, whereas responses to
rhodocytin were abolished (Fig. 4, D
and F). Similarly, serotonin release

CLEC-2  WT
chimera chimera

comparable with those of WT platelets. Quantification of plate-
let adhesion and spreading showed that there was no statisti-
cally significance difference between CLEC-2-deficient and
WT platelets (Fig. 5B). These findings suggest that CLEC-2 is
not an activation receptor for these extracellular matrices.
CLEC-2 Is Required for Stable Thrombus Formation under
Flow Conditions—Platelet activation at sites of vascular injury
under flow conditions is an integrated process involving subendo-
thelial matrices and soluble agonists, including ADP, thrombox-
ane A,, and thrombin, that supports adhesion and activation. To
investigate a role of CLEC-2 in this process, whole blood from
CLEC-2 or WT chimeras labeled with 3,3'-dihexyloxacarbocya-
nine iodide was flowed over collagen-coated surfaces at a high
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specific loss of the CLEC-2-medi-
ated signal transduction pathway in
platelets while leaving other path-
ways fully intact. 80 .

Platelets Deficient in CLEC-2
Show Normal Adhesion and Spread-
ing on the Surface of Collagen,
Fibrinogen, Laminin, and vWF—It
is well known that platelets adhere
and spread on the surface of various
extracellular matrices such as colla-
gen, fibrinogen, laminin, and vWF
through specific receptors (colla- 0
gen: integrin o281 and GPV
fibrinogen: integrin «IlbB3; lami-
nin: integrin o6 and GPVI; and
VWE: GPIb/IX/V and integrin
alIbp3). We next investigated the
possibility that CLEC-2 is a receptor
for these extracellular matrices and
supports platelet adhesion and
spreading. As shown in Fig. 54,
adhesion and spreading of CLEC-2-
deficient platelets on the surface of
these extracellular matrices were
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shear rate (2000 s™*) for 5 min. As shown in Fig. 6 (4-C), WT
platelets formed large thrombi on the surface of collagen by the
end of a 5-min perfusion period, whereas thrombus formation of
CLEC-2-deficient platelets was significantly impaired, suggesting
that the CLEC-2-dependent process is essential for stable aggre-
gate formation under flow conditions. CLEC-2-deficient platelets
showed normal single-cell adhesion on the surface of collagen (Fig.
5), whereas thrombus formation on the surface of collagen under
flow conditions was significantly inhibited (Fig. 6, A-C). Taken
together, these findings suggest that CLEC-2 is required for the
piling-up process of platelets that leads to stable thrombus forma-
tion, but not for initial adhesion to collagen.

To investigate whether the thrombus instability was based on
impaired platelet activation, we performed flow adhesion stud-
ies with or without co-infusion of ADP, which is released from
activated platelets. Co-infusion of 10 uM ADP into anticoagu-
lated blood just before entrance into the capillary resulted in the
formation of stable thrombi both in control and CLEC-2-defi-
cient blood (supplemental Fig. 3), suggesting that CLEC-2 func-
tions as an activation receptor in platelets that is required for
stable thrombus formation.

In Vivo Thrombus Formation Is Impaired in CLEC-2 Chime-
ras in a Laser-induced Injury Model with Minimal Increase in
Tail Bleeding—Because platelet activation/aggregation is a
major cause of arterial thrombosis, we studied the effects of
CLEC-2 deficiency on pathological thrombus formation. We
used a direct visual technique that enabled us to evaluate in vivo
thrombus stability with great temporal and spatial resolution
and to characterize the kinetics of CLEC-2-deficient platelets in
thrombus formation. This method is based on confocal micros-
copy, which permits high spatiotemporal resolution of individ-
ual platelets under flow conditions in mesenteric capillaries and
arterioles (19, 25). With this system, laser irradiation produces
reactive oxygen species, which cause injury to the endothelial
layer of the vessels. In WT chimeras, after laser-induced injury
to mesenteric capillaries, adherent platelets appeared to recruit
platelets in the circulation to form platelet aggregates, and the
resultant thrombus reduced the vessel lumen diameter and
blood flow velocity. Ultimately, the lumen was completely
occluded by thrombi. In contrast, CLEC-2-deficient platelets
adhered to the vessel wall more loosely than WT platelets, they
were frequently washed away by the blood flow, and the platelet
aggregates/thrombi never occluded the capillaries (Fig. 74,
panel i,and supplemental Videos 1 and 2). As aresult, the num-

ber of CLEC-2-deficient platelets that accumulated at the
injured vessel was 35% less than that of WT platelets (Fig. 74,
panel ii). These findings suggest that CLEC-2 contributes to the
stabilization of developing thrombi in the laser-induced injury
model. We next evaluated tail bleeding of WT and CLEC-2
chimeras. Although CLEC-2 chimeras had a tendency to have
more blood loss from tail bleeding than WT chimeras, it was
not significant (mean blood loss * S.E.of 13.7 + 1.3 ulin WT
chimeras and 34.7 + 3.2 ul in CLEC-2 chimeras, p = 0.08) (Fig.
7B). Taken together, these findings suggest that CLEC-2 defi-
ciency causes impaired thrombus growth with minimal
increase in bleeding tendency.

CLEC-2 Forms Homophilic Associations—Thrombus forma-
tion under flow conditions in vitro and in vivo was impaired in
CLEC-2 chimeras (Figs. 6 and 7), although CLEC-2-deficient
platelets normally aggregated upon stimulation with classical
agonists other than rhodocytin and showed normal adhesion
and spreading on the surface of major extracellular matrices
(Figs. 4 and 5). This suggests that the ligands of CLEC-2 may be
present in plasma or on the surface of platelets. CLEC-2 is
known to bind to podoplanin depending on glycosylation of
podoplanin (4). Therefore, we first investigated the possibility
of platelet membrane proteins with glycosylation, including
CLEC-2 itself, as candidates for CLEC-2 ligands. To prove the
interaction between the molecules directly, we utilized surface
plasmon resonance (Biacore AB). Recombinant proteins of
interest were perfused over the sensor tip coated with hCLEC-
2-rFc2 or mCLEC-2-rFc2. Several commercially available
recombinant proteins on the surface of platelet membranes,
including integrins avp3 and a281, CD62P, LIMP-II, throm-
bospondin-1, and PEAR-1, were evaluated, but we could not
observe their association with recombinant CLEC-2 (data not
shown). Finally, we evaluated the CLEC-2 binding, and to our
surprise, we detected homophilic interactions of hCLEC-2-
rFc2 and mCLEC-2-rFc2 (Fig. 8, A and B, respectively). The
sensorgrams at different analyte concentrations were obtained
and normalized by subtracting background signals from the
CLEC-2-Fc2 surface. The arrows indicate the beginning and
end of perfusion of an analyte. After perfusion started, the res-
onance unit, which indicates the binding of analyte (flowing
recombinant CLEC-2) to the ligand (coated recombinant
CLEC-2), gradually increased, followed by a gradual decrease
after the cessation of perfusion, suggesting that both human
and mouse CLEC-2 form homophilic association. The interac-

FIGURE 4. Responses to rhodocytin are abolished in CLEC-2-deficient platelets, but WT platelets respond normally to other agonists. A, shown is a
Western blot (WB) of washed platelets from two WT chimeras and two CLEC-2 chimeras with anti-mouse CLEC-2 antibody. The arrow indicates murine CLEC-2
(mCLEC-2). B, whole blood from WT and CLEC-2 chimeras was diluted 15-fold with modified Tyrode's buffer. 25 ul of the diluted whole blood was incubated
with Cy2-conjugated anti-mouse CLEC-2 antibody or Cy2-conjugated control rabbit IgG for 15 min at room temperature. Reactions were terminated by the
addition of 400 wl of PBS, and the samples were then analyzed using a FACScan. C, washed platelets from WT or CLEC-2 chimeras were used for aggregation
studies. The washed platelets were stimulated by the indicated agonists, and platelet aggregation was monitored by light transmission using a Born aggre-
gometer at 37 °Cfor 10 min. D, the activation of integrin allb33 induced by the indicated agonists was investigated. Whole blood from WT or CLEC-2 chimeras
was diluted 15-fold with modified Tyrode’s buffer. 25 ul of diluted whole blood was stimulated with the indicated platelet agonists for 5 min at room
temperature, followed by the addition of FITC-conjugated control rat IgG or FITC-conjugated anti-activated mouse integrin alib33 (clone Jon-A) for 15 min at room
temperature. Reactions were terminated by the addition of 400 1 of PBS, and the samples were then analyzed using a FACScan. Data are expressed as the mean of the
median fluorescence intensity (MF)) S.E.(n = 4-7). E, CD62P expression stimulated by the indicated agonists was investigated. 25 ul of washed platelets (5 X 107/ml)
was stimulated with the indicated platelet agonists for 5 min at room temperature, followed by the addition of PE-conjugated control rat IgG or PE-conjugated
anti-mouse CD62P for 15 min atroom temperature. Reactions were terminated by the addition 0f 400 wl of PBS, and the samples were then analyzed usingaFACScan.
Data are expressed as themean of the median fluorescenceintensity = S.E.(» = 4-7).F, serotonin release from dense granules was investigated. Washed platelets (3 X
10%/ml) were stimulated with the indicated platelet agonists for 5 min. After platelets were removed by centrifugation, the serotonin concentration of the supernatant
was measured by enzyme-linked immunosorbent assay. Serotonin release is expressed as the percent serotonin concentration of the platelet lysate. Data are
expressed as the mean = SE. (n = 3).* p < 0.05; ** p < 0.005. rhod, rhodocytin; col, collagen; rest, resting.
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FIGURE 5. CLEC-2-deficient platelets showed normal adhesion and spreading onthe surface of collagen,
fibrinogen, laminin, and vWF. A, platelet spreading on the surface of major extracellular matrices was inves-
tigated. Washed platelets from WT chimeras (Clec-2"/*) or CLEC-2 chimeras (Clec-2"/") were seeded on cov-
erslips coated with laminin (LN), collagen (Col), fibrinogen (Fib), or vWF for 30 min at room temperature in the
presence or absence of 10 um ADP. Adherent platelets were fixed in 3% paraformaldehyde, permeabilized with
0.3% Triton X-100 for 5 min, and stained with TRITC-conjugated phalloidin. Platelets were visualized using an

BSA Col Fbo LN VWF BSA Col Fib LN VWF

with mCLEC-2-rFc2 or rFc2. To
exclude the possibility that the Fc por-
tion interacts with a stimulatory Fc
receptor, FcyRIIA, we used murine
platelets, which lack FcyRIIA. As
shown in Fig. 9 (4 and B), CLEC-2-
deficient platelets adhered to colla-
gen-coated surfaces to the same
extent as WT platelets, whereas
platelet adhesion to the surface of
mCLEC-2-rFc2 was greatly and sig-
nificantly inhibited with CLEC-2-
deficient platelets (p < 0.005).
These findings clearly suggest that
CLEC-2 forms a homophilic associ-
ation. Because CLEC-2-deficient
platelets still adhered to mouse
CLEC-2-coated surfaces and the
adherent platelets showed spread-
ing to some extent, it is likely that
there is another CLEC-2 ligand on

the surface of platelets.
We next investigated whether
soluble recombinant CLEC-2

binds to the surface of suspended
platelets by flow cytometry. As
shown in Fig. 9C, the binding level
of mCLEC-2-rFc2 to both WT and
CLEC-2-deficient platelets was
virtually the same as that of rFc2.
However, there was a significant
increase in mCLEC-2-rFc2 bind-
ing to both WT and CLEC-2-defi-
cient platelets after platelet activa-
tion by PAR-4 peptides. However,
it is important to note that the
binding of mCLEC-2-rFc2 to acti-
vated WT platelets was signifi-
cantly higher than that to acti-
vated CLEC-2-deficient platelets
(p < 0.05). These findings suggest
that CLEC-2 binds more avidly to
CLEC-2 on the surface of activated
platelets, but there appears to be
another CLEC-2 ligand on the sur-
face of activated platelets.

[] cLec-2+
I CLEC-2+

ADP

inverted fluorescence microscope and a digital camera. B, shown is the quantification of adherent platelets in

the images in A. BSA-coated coverslips were prepared as a negative control. At least six images from two
independent experiments were chosen at random per experiment and analyzed by two individuals, one of
whom performed the analysis under blind conditions. Adherent platelets were counted (0.006 mm?/image),

and platelet surface area was analyzed using NiH Image.

tion between hCLEC-2-rFc2 molecules and that between
mCLEC-2-rFc2 molecules were direct, with affinities of (2.78 *+
1.35) X 1077 and (4.99 *+ 1.29) X 107 M, respectively (1 = 4)
(Fig. 8C).

To further confirm the homophilic association of CLEC-2
under more physiological conditions, we investigated the platelet
adhesion of WT or CLEC-2-deficient platelets on a surface coated
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DISCUSSION

In this study, using CLEC-2-defi-
cient mice for the first time, we have
demonstrated that CLEC-2 is essen-
tial for blood/lymphatic vessel separation and thrombus forma-
tion in vivo through homophilic association. These findings
imply that CLEC-2 is a potential target protein for the develop-
ment of anti-platelet drugs and anti-metastatic drugs.

CLEC-2-deficient mice were lethal at the embryonic/neona-
tal stage with blood-filled, dilated, and tortuous lymphatic ves-
sels that had anastomotic sites with blood vessels (blood/lym-

AC LN

VOLUME 285+ NUMBER 32-AUGUST 6, 2010

11 A7 ' AviAn 11IA ‘A1 HAINAIAL REMD TN | IBAAIA 1A IB1118A 1IDLHANDA T ™ Rin anl AR AR 11IA 11 RANDATIAAA



CLEC-2 Regulates Thrombus Formation and Lymphangiogenesis

o

A) (capillary: collagen 50ug/ml)

podoplanin-positive lymph sacs and
cardinal veins in WT embryos,
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embryos. Moreover, they proved
that the same phenotypes are
induced by anti-platelet drug, anti-
podoplanin antibody, or inactiva-
tion of the kindlin-3 gene required
for platelet aggregation. We have
found previously that podoplanin
induces  platelet  aggregation
through interaction with CLEC-2,
and in this study, we demonstrated
that CLEC-2 deficiency leads to

CLEC-2**

B)

CLEC-2¥

(IFN). *, p < 0.05 (n = at least 5 from two different mice).

phatic vessel misconnection). Itis assumed that higher pressure
in blood vessels drove blood components into lymphatic vessels
through the anastomotic sites, resulting in dilated lymphatic
vessels and retention of erythrocytes in the periphery. Progen-
itor cells of vascular and lymphatic endothelial cells express
PECAM-1, and its expression in differentiated lymphatic endo-
thelial cells is depressed compared with vascular endothelial
cells. Although quantification has not been performed, we
observed a higher level of PECAM-1 expression in the dilated
lymphatic vessels in CLEC-2-deficient embryos than in WT
embryos (Fig. 3, A, D, G, and )). It is plausible that blood flow
from anastomosis may have led to high lymphatic pressure,
which resulted in blood vessel endothelium-like change in lym-
phatic endothelial cells.

The mechanism by which CLEC-2 regulates blood/lym-
phatic vessel separation remains to be elucidated. Recently,
Uhrin et al. (26) reported that platelet activation by podoplanin
is a critical process for blood/lymphatic vessel separation. They
found that platelet aggregates build up at the separation zone of
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CLEC-2*
FIGURE 6. Thrombus formation on the surface of collagen under flow conditions is impaired in CLEC-2
chimeras. A, shown are video stills of thrombus formation on the surface of collagen under flow condi-
tions. Capillary tubes were coated with 50 ng/ml collagen and blocked with PBS containing 2% BSA.
Whole blood from WT chimeras (Clec-2*/*) or CLEC-2 chimeras (Clec-27/™) anticoagulated with PPACK
and heparin that had been pretreated with 3,3'-dihexyloxacarbocyanine iodide was perfused into capil-
laries at 2000 s, and adherent platelets were visualized using a fluorescence video microscope. Movie
data were converted into sequential photo images. B, shown are three-dimensional images of the throm-
bus formation. After perfusion of the blood, capillaries with thrombus were visualized using an Olympus
FV-1000 confocal microscope. C, for measurement of thrombus volume, the images were analyzed using
FluoView software, and the relative thrombus volume is expressed as integrated fluorescence intensity

poor blood/lymphatic vessel sepa-
ration. Their findings combined
with ours imply that platelet aggre-
gates generated by CLEC-2/podo-
planin interaction occlude the ori-
fice of the lymph sacs, thereby
inducing blood/lymphatic vessel
separation. However, the pheno-
type of lymphatic vessels in podo-
planin-deficient embryos is differ-
ent from that in CLEC-2-deficient
embryos; blood/lymphatic vessel
misconnection disappears at post-
natal days 10-14 in podoplanin-de-
ficient mice, whereas the blood/
lymphatic vessel misconnection is
present persistently after E13.5 in
CLEC-2-deficient mice. Although
the majority of CLEC-2-deficient
mice were lethal, we were able to
obtain two adult CLEC-2-deficient
mice, both of which showed the
blood/lymphatic vessel misconnec-
tion phenotype (data not shown).
The differences between podopla-
nin deficiency and CLEC-2 deficiency with regard to blood/
lymphatic vessel misconnection suggest that there is a ligand
(or ligands) other than podoplanin for CLEC-2 on the surface of
lymphatic endothelial cells and that their interactions also play
a role in blood/lymphatic vessel separation. CLEC-2 is
expressed in platelets, megakaryocytes, and liver sinusoidal
endothelial cells in humans and mice; however, it is also
expressed in neutrophils in mice, Whether CLEC-2 in platelets,
but not in neutrophils, regulates blood/lymphatic vessel sepa-
ration is now under investigation using conditional knock-out
mice that lack CLEC-2 only in platelets and megakaryocytes.
Although CLEC-2 plays a role in tumor metastasis, its pow-
erful platelet-activating ability and specific expression in plate-
lets and megakaryocytes imply that CLEC-2 also plays an
important role in thrombosis and hemostasis. CLEC-2 knock-
out mice should be utilized to accurately evaluate a role of
CLEC-2 in thrombosis and hemostasis; however, we found that
CLEC-2 knock-out mice are lethal at the embryonic/neonatal
stage. We therefore generated irradiated chimeric animals that
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FIGURE 7. In vivo thrombus formation in a laser-induced injury model is
impaired in CLEC-2 chimeras without significant increase in tail bleed-
ing. A, video stills of mesenteric capillaries were obtained by intravital
fluorescence microscopy before (pre) and 20 s after (post) laser-induced
injury (panel i). The numbers of platelets in developing thrombi after laser
injury to capillaries were calculated (panel/ ii). The y axis represents the
numbers of platelets/micrometer of obtained vessel length. Results from
WT and CLEC-2 chimeras 7 weeks after transplantation (17 weeks old) are
shown (n == 5 each). *, p < 0.05. B, shown is the tail bleeding in WT and
CLEC-2 chimeras. Each symbol represents one individual. Results from WT
and CLEC-2 chimeras 8 weeks after transplantation (17 weeks old) are
shown. A, not significant (p = 0.08).

had been rescued by transplantation of fetal liver taken from
mice lacking CLEC-2. We observed significant inhibition of
thrombus formation in CLEC-2 chimeras under flow condi-
tions in vivo and in vitro, although platelet adhesion and
spreading, which are the initial steps for thrombus formation,
remained intact. Moreover, the bleeding tendency was minimal
with CLEC-2 chimeras (Fig. 7 B), suggesting that low molecular
weight compounds acting as CLEC-2 antagonists are ideal can-
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FIGURE 8. CLEC-2 forms a homophilic association. Different concentrations
of hCLEC-2-rFc2 (A) or mCLEC-2-rFc2 (B) were flowed over an immobilized
hCLEC-2-rFc2 (A), mCLEC-2-rFc2 (B), or control surface coated with rFc2. The
arrows indicate the beginning and end of perfusion of hCLEC-2-rF¢c2 and
mCLEC-2-rFc2. The results are shown from one experiment that is represent-
ative of four others. RU, resonance units. K, i SE. (n = 4) of homophilic
association of hCLEC-2-rFc2 or mCLEC-2-rFc2 was determined as described
under “Experimental Procedures” (C).

didates for a novel anti-platelet drug that inhibits pathological
thrombus formation, but not physiological hemostasis.
CLEC-2 deficiency leads to blood/lymphatic misconnections at
the developmental stage; however, this does not seem to be a
problem for a CLEC-2 antagonist, as an anti-platelet drug is
normally administrated to adults.

Recently, May et al. (27) reported that anti-CLEC-2 antibody
treatment of mice leads to the loss of CLEC-2 in circulating
platelets for several days. These CLEC-2-deficient platelets
displayed normal adhesion under flow conditions, but sub-
sequent aggregate formation was severely impaired in vitro
and in vivo, revealing an essential function of CLEC-2 in
hemostasis and thrombosis. Although this unique study by
May et al. shed light on the physiological role of CLEC-2,
there still remains room for criticism of antibody-induced
removal of antigen from platelets; it may have certain unde-
sirable effects. Extensive antigen/antibody interaction on
the platelet membrane may have some effects on thrombus
formation. Alternatively, antibody-induced platelet activa-
tion and subsequent release of secondary mediators may
result in desensitization of platelets. In mice, CLEC-2 is also
expressed on peripheral blood neutrophils, and it mediates
phagocytosis of antibody-coated beads and the production
of proinflammatory cytokines, including tumor necrosis fac-
tor-a upon CLEC-2 stimulation (28). It is possible that the
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FIGURE 9. Platelet adhesion to mCLEC-2-rFc2-coated surfaces and soluble mCLEC-2-rFc2 binding to
platelets are inhibited in CLEC-2-deficient platelets. A, shown is platelet adhesion on a surface coated
with mCLEC-2-rFc2. Washed murine platelets from WT or CLEC-2 chimeras were seeded on coverslips
coated with the indicated materials. Adherent platelets were fixed in paraformaldehyde, permeabilized
with 0.3% Triton X-100, and stained with TRITC-conjugated phalloidin for 2 h. Platelets were visualized
using an inverted fluorescence microscope and a digital camera. 8, shown is the quantification of the
platelet adhesion in A. Atleast siximages from two independent experiments were chosen at random per
experimentand analyzed by two individuals, one of whom performed the analysis under blind conditions.
Adherent platelets were counted (0.006 mm?/image). C, the binding of soluble mCLEC-2-rFc2 or rF¢2 on
the surface of WT (Clec-2"/") or CLEC-2-deficient (Clec-2"/") platelets was investigated by flow cytometry.
Quantification of the soluble protein binding was performed using median fluorescence intensity (MFJ).
Data are expressed as mean * S.E.(n > 4). Statistical significance was evaluated by Student's t test. In each
case, p values <0.05 were taken as the minimum to indicate statistical significance. *, p < 0.05; **,
p < 0.005.

tion under flow conditions or in
vivo. In fact, it has been reported
that tumor necrosis factor-a
inhibits thrombus formation (29).
Therefore, generation of CLEC-2-
deficient mice has been awaited to
solve these problems.

In our experiments, CLEC-2 chi-
meras showed only a mild increase
in tail bleeding, which was not sta-
tistically significant compared with
WT chimeras (Fig. 7B). In contrast
to our findings, May et al (27)
reported that anti-CLEC-2 anti-
body-induced deficiency results in a
marked increase in bleeding time:
bleeding stopped in all of the con-
trol mice during a 20-min observa-
tion period (mean bleeding time of
6.1 * 3.1 min), whereas bleeding
continued for >20 min in 33% of
the anti-CLEC-2 antibody-treated
mice (mean bleeding time of
10.8 + 6.0 min for those in which
bleeding stopped). The discrep-
ancy between gene-manipulated
loss of antigen and antibody-in-
duced loss has been reported pre-
viously; the bleeding time of
GPVI/FcR <y-chain-deficient mice
was not different from that of WT
mice (30), whereas antibody-induced
GPVI-deficient mice showed signifi-
cantly increased bleeding times
(158 =+ 89 s in control mice versus
330 * 103 s in antibody-treated
mice) using the same protocol for
the measurement of bleeding time.
The idea of antibody-induced
knock-out mice is derived from pre-
viously reported idiopathic throm-
bocytopenic purpura patients. Sug-
iyama et al. (31) and Moroi et al. (32)
reported that idiopathic thrombo-
cytopenic purpura patients contain
an antibody against GPVI that
stimulates platelet aggregation,
leading to loss of GPVI from the
platelet surfaces. These idio-
pathic thrombocytopenic purpura
patients show a bleeding tend-
ency, as is the case in antibody-in-
duced GPVI- or CLEC-2-deficient
mice, whereas genetically modi-
fied GPVI- or CLEC-2-deficient

anti-CLEC-2 antibody administered to mice may also work mice have no or less bleeding tendency. Although the precise

on CLEC-2 on neutrophils, thereby modifying cytokine gen-
eration and phagocytosis, which may affect thrombus forma-
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mechanism for this discrepancy has not been elucidated, it is
quite likely that antigen/antibody interaction induces some
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unexpected biological responses, which may lead to overes-
timation of bleeding tendency due to loss of GPVI or
CLEC-2.

Although it has been demonstrated that CLEC-2 is essential
for thrombus formation, podoplanin, the only known internal
ligand of CLEC-2 to date, is expressed in lymphatic endothe-
lial cells or tumor cells and cannot be responsible for arterial
thrombus formation. Thus, an important issue remains as to
how CLEC-2 support thrombus formation under flow condi-
tions in vitro and in vivo. From the findings of a previous work
(27) and this study, it is suggested that the ligands of CLEC-2 are
present in plasma or on the surface of activated platelets. We
propose that CLEC-2 support thrombus formation, at least
partly, through homophilic association based on the following
findings. 1) Surface plasmon resonance detected homophilic
association between recombinant CLEC-2 molecules. 2) Plate-
let adhesion onto a surface coated with recombinant CLEC-2
was significantly attenuated with CLEC-2-deficient platelets. 3)
The binding of soluble recombinant CLEC-2 was significantly
attenuated with CLEC-2-deficient platelets. We found that the
interaction between hCLEC-2-rFc2 molecules is direct, with an
affinity of 2.78 X 10”7 M, and that the affinity between mCLEC-
2-rFc2 molecules is 4.99 X 1077 M (1 = 4). Christou et al. (5)
reported that CLEC-2 and podoplanin interact directly, with an
affinity of (2.45 * 0.37) X 10~ ° M, which apparently suggests
that the affinity between CLEC-2 and podoplanin is much
weaker than the homophilic CLEC-2 interaction. One may
argue that it is intriguing that podoplanin-expressing cells
induce platelet aggregation, whereas platelets that express
CLEC-2 with a high affinity homophilic interacting property do
not form spontaneous aggregates. However, Christou et al.
used monomeric recombinant CLEC-2 with a His tag and
podoplanin-coated sensor chips, whereas we used dimeric
recombinant CLEC-2 with Fc2, and the sensor chips were
coated with this dimer form; we made dimeric CLEC-2, as it has
been suggested that CLEC-2 exists as a dimer form on cell sur-
faces (22, 33). Because dimer forms of receptors are known to
have much higher affinity for their ligands than single forms in
the case of GPVI (34), this apparent discrepancy in the affinity
of CLEC-2 for ligands may be due to the different experimental
conditions. Alternatively, recombinant CLEC-2 fixed on the
surface may assume a conformation that has higher homophilic
activity than the natural CLEC-2 molecule on resting platelets,
thereby giving a smaller K, in a surface resonance study. This
hypothesis may be extended to allege that CLEC-2 has two
forms, one with relatively low homophilic activity in resting
platelets and another with high homophilic activity in activated
platelets. In support of this hypothesis, soluble CLEC-2 binding
to suspended platelets was observed only after platelet activa-
tion (Fig. 9C). Moreover, surface expression of CLEC-2 was
unaltered after stimulation (data not shown), suggesting higher
homophilic binding activity of CLEC-2 in activated platelets.
Additional experiments will need to address these issues.

We also assume that there are other CLEC-2 ligands on the
surface of platelets than CLEC-2 itself. Although CLEC-2-defi-
cient platelets showed reduced adhesion on the surface of
recombinant CLEC-2 and reduced binding of soluble recombi-
nant CLEC-2, it was not completely inhibited (Fig. 9). More-
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over, CLEC-2-deficient platelets adhered to recombinant
CLEC-2-coated surfaces showed spreading, suggesting that
there is another ligand (or ligands) for CLEC-2 on the surface of
platelets, the binding to which leads to platelet activation and
spreading.

In conclusion, we have demonstrated, using CLEC-2-defi-
cient mice, that CLEC-2 is essential for blood/lymphatic vessel
separation and thrombus formation in vivo through
homophilic association. We also suggest the possibility that
there are other ligands for CLEC-2 that regulate lymphangio-
genesis and thrombus formation. CLEC-2 is a promising target
protein for the development of anti-platelet drugs that inhibit
pathological thrombus formation, but not physiological
hemostasis.
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Note Added in Proof—During the submission of our manuscript,
Bertozzi et al. reported that platelets regulate lymphatic vascular
development through CLEC-2/SLP-76 signaling (Bertozzi, C. C,
Schmaier, A. A., Mericko, P., Hess, P. R., Zou, Z., Chen, M., Chen,
C.Y, Xu, B, Lu, M. M,, Zhou, D., Sebzda, E., Santore, M. T., Meri-
anos, D. ], Stadtfeld, M., Flake, A. W, Graf, T., Skoda, R., Maltzman,
J. S, Koretzky, G. A., and Kahn, M. L. (2010) Blood, in press).
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Abstract

Background: The successful establishment of human induced pluripotent stem cells (hiPSCs) has increased the possible
applications of stem cell research in biology and medicine. In particular, hiPSCs are a promising source of cells for
regenerative medicine and pharmacology. However, one of the major obstacles to such uses for hiPSCs is the risk of
contamination from undefined pathogens in conventional culture conditions that use serum replacement and mouse
embryonic fibroblasts as feeder cells.

Methodology/Principal Findings: Here we report a simple method for generating or culturing hiPSCs under feeder- and
serum-free defined culture conditions that we developed previously for human embryonic stem cells. The defined culture
condition comprises a basal medium with a minimal number of defined components including five highly purified proteins
and fibronectin as a substrate. First, hiPSCs, which were generated using Yamanaka’s four factors and conventional
undefined culture conditions, adapted to the defined culture conditions. These adapted cells retained the property of self
renewal as evaluated morphologically, the expression of self-renewal marker proteins, standard growth rates, and
pluripotency as evaluated by differentiation into derivatives of all three primary germ layers in vitro and in vivo (teratoma
formation in immunodeficient mice). Moreover, levels of nonhuman N-glycolylneuraminic acid (Neu5Gc), which is a
xenoantigenic indicator of pathogen contamination in human iPS cell cultures, were markedly decreased in hiPSCs cultured
under the defined conditions. Second, we successfully generated hiPSCs using adult dermal fibroblast under the defined
culture conditions from the reprogramming step. For a long therm culture, the generated cells also had the property of self
renewal and pluripotency, they carried a normal karyotype, and they were Neu5Gc negative.

Conclusion/Significance: This study suggested that generation or adaption culturing under defined culture conditions can
eliminate the risk posed by undefined pathogens. This success in generating hiPSCs using adult fibroblast would be
beneficial for clinical application.
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Introduction

Human induced pluripotent cells (hiPSCs) generated by the
introduction of defined factors from somatic cells exhibit
pluripotency similar to human embryonic stem cells (hESCs)
[1,2]. The broad developmental potential of hiPSCs makes them a
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possible source of cells for the regenerative medical transplantation
of various tissues. However, betore hiPSC-derived cells can be
used in human transplantation, a number of safety concerns need
to be overcome. One such concern is the risk of contamination by
undefined pathogens or immunoreactive materials from undefined
components used in the culturing of hiPSCs [3]. N-Glycolylneur-
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aminic acid (Neu5Gc) has been identified as an immunoreactive
material that contaminates cells in culture. Neu5Gc, a sialic acid
found on the cell surface, is considered a xenoantigen for humans
because human cells cannot produce Neu5Gc genetically [4],
although it can be taken up from the culture environment [5,6].
Furthermore, most humans have circulating antibodies specific for
Neu5Ge. Contamination of hESCs by Neu5Gc was confirmed
following culturing under conventional conditions with mouse
embryonic fibroblast (MEF)-derived feeder cells and knockout
serum replacement (KSR)-supplemented medium [7,8]. Neu5Gc
could therefore be a useful indicator of pathogen contamination in
pluripotent stem cell cultures.

Defined culture conditions are therefore required when using
hiPSC to avoid contamination from undefined pathogens or
immunoreactive materials [7]. KSR-supplemented medium is not
defined and thus may contain a variety of contaminating factors
[9,10,11). Based on previous findings indicating that the
phenotypes of hiPSCs are similar to those of hESCs [1,2], we
hypothesized that hESC culture conditions could also be used for
hiPSCs. Previously, we developed a defined serum-free medium,
namely hESF9, for culturing hESCs on a type I collagen substrate
without feeders [12]. Although several defined culture conditions
without feeders for hESCs have been reported, difficulties remain
in propagating the undifferentiated hESCs [13,14,15,16]. Recent-
ly, we found that adding activin A to hESF9 medium supports
robust propagation of hES cells and enhances the stable
attachment of these cells to fibronectin [16]. We modified our
medium accordingly and subsequently cultured our hESCs on a
fibronectin substrate without feeders. The modified medium
(hESF9a) comprises a basal medium supplemented with heparin
sulphate and five highly purified proteins: bovine pancreatic
insulin, human apotransferrin, fatty acid-free bovine serum
albumin conjugated with oleic acid, human recombinant fibroblast
growth factor (FGF)-2, and human recombinant activin [16].

In the present study, we generated hiPSCs from skin
keratinocytes using conventional culture conditions with KSR
and feeder cells [17]. The cells were then moved into defined
culture conditions in hESF9a medium on fibronectin without
feeders. We confirmed that the hiPSCs cultured under defined
conditions were pluripotent stem cells on the basis of cell
morphology, growth rate, the expression of self-renewal genes,
cell difterentiation i wvitro, and teratoma formation i vwo.
Furthermore, we observed that levels of Neu5Gc decreased
steadily in hiPSCs cultured under defined conditions. Finally, we
generated hiPSCs from adult dermal fibroblast under defined
conditions. For long-term culture, these hiPSCs maintained their
pluripotency and normal karyotype.

Results and Discussion

Generation of the hiPSC line and adaptation to defined
culture conditions

The hiPSC cell line was established from neonatal skin
keratinocytes by the infection of amphotropic retroviruses carrying
the OCT4, S0X2, KLF4, and C-MYC genes using conventional
culture conditions with KSR medium and mitomycin C-treated
MEF feeder cells (KSR-based conditions) [1,17,18]. Under the
KSR-based conditions, cells maintained their undifferentiated
morphology and expressed markers of pluripotency, namely ALP
(Figure 1B), NANOG (Figure 1E), OCT3/4 (Figure 1H), SSEA4
(Figure IN), and TRA1-60 (Figure 1Q)), shown by immunocyto-
chemistry or substrate staining for ALP. However, the cells did not
express stage-specific embryonic antigen (SSEA)-1, which is a self-
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renewal marker of murine ES cells and a differentiation marker of
hESCs (Figure 1K). The cell line was designated UTAL.

At passage 18, the UTALI cells were transferred into the defined
culture conditions with hESF9a medium on fibronectin-coated
dishes without feeder cells (hESF9a-based conditions) [12,16]. After
a further five passages, the UTAI cells also expressed the self-
renewal markers, ALP (Figure 1C), NANOG (Figure 1¥), OCT3/4
(Figure 1), SSEA4 (Figure 10), and TRA1-60 (Figure 1R); however,
there was no detectable expression of SSEA1 under either culture
condition (Figure 1L), suggesting that hiPSCs grown in the hESF9a-
based conditions maintained their undifferentiated characteristics.
The UTALI cells steadily proliferated under hESF9a-based condi-
tions for a prolonged culture period, as in the conventional KSR-
based conditions (Figure S1). We continued to culture the UTA1
cells in hESF9a-based condition up to 27 passages. These results
suggested that the UTAI cells cultured under the hESF9a-based
conditions retained the property of self-renewal.

In vitro and in vivo differentiation of hiPSCs under
defined culture conditions

Difterentiation potential in the UTAI cells grown under KSR-
and hESF9a-based conditions was assessed using i vitro difteren-
tiation assays involving embryoid body generation. After 24 days
in differentiation culture conditions, the embryoid bodies con-
tained various types of differentiated cells characterized by germ-
layer markers as follows: MAP2 (Figure 2A, B) and TUJI
(Figure 2C, D) as ectoderm markers; FLK1 (Figure 2E, ¥) and
vimentin (Figure 2G, H) as mesoderm markers; and PDX]1 as an
endoderm marker (Figure 2I, J). We also validated the pluripo-
tency of UTALI cells under KSR-based conditions (17 passages)
and hESF9a-based conditions (18 passage in KSR-based condition
and 12 passage in ESF9a-based condition) by teratoma formation
in the testes of severe combined immunodeficient (SCID) mice
injected with hiPSCs. Eight weeks after injection, histological
analysis demonstrated that the formed teratomas were derived
from all three primary germ layers. Neural tissues (ectoderm),
muscle (mesoderm), cartilage (mesoderm), and intestinal epithelia
(endoderm) were all identified histologically in the hiPSC-derived
teratomas (Figure 3). These results suggested that UTA1 cells
remained pluripotent to differentiate into all three germ layers
when grown under hESF9a-based conditions.

The level of xenoantigen Neu5Gc in the hiPSC under
defined culture conditions

Our data showed that hESF9a culture conditions maintain the
pluripotency of hiPSCs. Conventional culture conditions currently
use KSR for human ES/iPS cells, and it is accepted that these
commercially supplied components may contain undefined
animal-derived xenoantigens and pathogens. Because human cells
cannot produce Neu5Gc genetically [4], it becomes a useful
indicator of xenogenic contamination in human pluripotent stem
cells [7]. We therefore examined the expression of Neu5Gc in
UTALI cells grown under KSR- and hESF9a-based conditions by
flow cytometry using an antibody against Neu5Gc. The level of
Neu5Gc was high in UTALI cells cultured under the KSR-based
conditions (23 passages) and was comparable with that in Chinese
hamster ovary (CHO) cells cultured in fetal calf’ serum (FCS)-
containing medium (Figure 4A, B). The Neu5Gc expression
decreased almost to negative control levels (with control antibody
or no primary antibody) in UTAIl cells cultured under the
hESF9a-based conditions (18 passages in KSR-based condition
and 27 passages in ESF9a-based condition) (Figure 4C). The
conventional culture conditions contain animal-derived compo-
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Human neonatal keratinocytes HiPSCs in KSR HIPSCs in hESF9a

Alkaline
Phosphatase

OCT3/4

SSEA1

SSEA4

Figure 1. Self-renewal marker expression of pluripotent stem cells in hiPSCs adapted in defined culture conditions. Parental human
neonatal keratinocytes (A, D, G, J, M, and P), hiPSC line, UTA1, grown under KSR-based conditions (B, E, H, K, N, and Q), and UTA1 grown under
hESF9a-based culture conditions for 5 passages (C, F, |, L, O, and R) were fixed and reacted with antibodies (or stained with alkaline phosphatase
substrate, Fast Red). (A-C): Alkaline phosphatase staining. (D-F): Immunocytochemistry of NANOG protein. (G-1): Immunocytochemistry of OCT3/4
protein. (J-L): Immunocytochemistry of SSEA1 antigen. (M-0): Immunocytochemistry of SSEA4 antigen. (P-R): Immunocytochemistry of TRA1-60
antigen. Binding of these antibodies was visualized with AlexaFluor 488-conjugated secondary antibodies (green). Nuclei were stained with DAPI
(blue). Scale bars represent 50 um.

doi:10.1371/journal.pone.0014099.g001
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Figure 2. /n vitro differentiation using embryoid bodies from hiPSCs adapted in defined culture conditions. Immunocytochemistry of
MAP2 (A, B), TUJ (C, D), FLK1 (E, F), vimentin (G, H), and PDX1 (l, J) in the differentiated hiPSC line, UTA1, grown under KSR-based conditions (A, C, E, G,
) or hESF9a-based conditions (B, D, F, H, J). Differentiation was performed using embryoid body formation, and the differentiated cells were fixed and
reacted with antibodies. Binding of these antibodies was visualized with AlexaFluor 488-conjugated secondary antibodies (green). Nuclei were

stained with DAPI (blue). Scale bars represent 50 um.
doi:10.1371/journal.pone.0014099.g002
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Woles

Figure 3. The in vivo differentiation using teratoma formation of hiPSCs adapted in defined culture conditions. Teratoma were generated
in SCID mice from UTA1 grown under KSR-based and hESF9a-based conditions. Histological analysis with HE staining demonstrated that teratoma
formed by the UTA1 cells cultured in both KSR-based (A, C, E, G) and hESF9a-based conditions (B, D, F, H) contained derivatives of all three germ layers.
Histology of teratoma derived from UTA1 cultured under KSR-based (A) or hESF9a-based conditions (B). Neural tissues in teratoma derived from UTA1
cultured under KSR-based (C) or hESF9a-based conditions (D). (E): Muscle. (F): Cartilage. (G and H): Intestinal epithelia. Scale bars represent 100 pum.

doi:10.1371/journal.pone.0014099.g003

nents such as MEF, FCS in which the MEFs were cultured, and
porcine gelatin. Further, the KSR used for the conventional
culture conditions also includes animal-derived components, such
as lipid-enriched bovine serum albumin [9,10,11]. Hence, the
UTAI cells might metabolically incorporate substantial amounts
of Neu5Gc from these factors. However, although the hESF9a-
based conditions also contain animal-derived components such as
bovine insulin, bovine serum albumin, porcine heparin, and
bovine fibronectin, the UTA1 cells incorporate only low amounts
of Neu5Gc. These results suggested that culturing of hiPSCs under
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the defined conditions with purified components could decrease
the risk of xenogenic and human-derived pathogens.

The generation of hiPSC lines using adult dermal
fibroblasts under feeder- and serum-free, defined culture
conditions from the reprogramming step

Next, we examined whether hiPSCs were generated from the
reprogramming step under our feeder-free, defined culture
conditions. For comparison, we used another defined xeno-free
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